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Summary 
Transition Elements and their complexes have been used widely in many catalytic 
reactions. Their interactions with various substrates are of great current research 
interest in the pursuit of finding new synthetic materials for novel applications. The 
bulk properties of these materials and their interactions with substrates had been 
investigated extensively by both experiments and theoretical modelling. However, 
small clusters of these materials had not been investigated much, in spite of the vast 
difference of their physical and chemical properties from that of the bulk materials. In 
this work, the atomic scale properties of these transition metal nanoclusters have been 
investigated. In particular, their interactions with small molecules and ions, such as 
hydrogen, oxygen, hydroxide, peroxide, hydride and oxide, have been studies. 
Moreover, the effect of these interactions on the oxygen reduction reaction has been 
further investigated. 
Pseudopotential Plane–wave density functional theory method has been employed in 
this theoretical work. All atoms (Pt, Ni, Pd, C, O and H) were modeled with Rappe–
Rabe–Kaxiras–Joannopoulos ultrasoft pseudopotential with the Perdew–Burke–
Ernzerhof generalized–gradient correction (GGA) exchange–correlation functional. 
Transition metal clusters were modeled with a binary metallic tetrahedral cluster.  
The energetics of all the reaction intermediates involved in the oxygen reduction 
reactions on mixed transition metal cluster was studied and the factors that affect the 
stability of each intermediate was determined. Thermodynamic study and kinetic 
study of the two competing pathways were then carried out to determine how this 
catalytic reaction be optimized.   
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Chapter 1 Introduction 
1.1 General Background 
The physical and chemical properties of transition metal nano–clusters are of the great 
current interest because of their potential applications as novel materials and also 
because of the long–standing fundamental interest in understanding the relations 
between cluster properties and bulk or atomic scale properties. These nano–materials, 
by virtue of their high reactivity and large surface area to volume ratios, are of broad 
interest in catalysis
1–3
. Thus, extensive work has been done by many groups on 
characterizing their reactivity. In particular, the electrocatalytic activity of alloys of Pt 
with other transition metals, such as Ni, Co, Fe, Ti and V, has been the focus of much 
work
4,5
. Recently, it has been shown that a volcano–shaped relationship between the 
experimentally measured catalytic activity and the d–band centre exists, reflecting the 
balance between the adsorption energies and the coverage of intermediate species that 
block reactive sites on the surface
6,7
. 
Both pure platinum clusters and mixed clusters of platinum and other transition metals, 
such as Fe, Co, Ni, Cr, and Au, have been extensively studied. This is because alloys 
of platinum with these metals have been found to be at least as effective as the pure 
platinum in catalysis, for example, the oxygen reduction reactions
6,8,9
. The reactivity 
of platinum alloyed with nickel has been studied extensively by Balbuena, et al
10–18
, 
and Stamenkovic, et al
7
. The adsorption and reaction on transition metal clusters of 
various species, such as O2, H2O, OH, H3O
+
, and H2O2, have been experimentally 
probed and theoretically calculated using density functional theory. A number of 
particularly interesting alloys have been studied in detail. For example, trends in the 
electrocatalytic activity of the Pt3M systems, where M = Fe, Co, Ni, Ti or V, with 
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respect to the electronic structure of the alloys, have been examined
7
. Pt–Co alloys 
have also been extensively investigated in the past with a focus on the electronic 
structure, magnetic moments and the relationship the composition of the alloy surface 
and reactivity towards NO and O2. 
A number of groups has also investigated Pt–Au materials17,19–23, especially 
characterizing the hydrogen adsorption rate as a function of the composition. This has 
been investigated by calculating the hydrogen adsorption energetics for AuPt2 and 
AuPt3 clusters. The latter cluster has been shown to have a hydrogen dissociation path 
with lower activation barrier than Pt4
24
 and is thus of interest in redox catalysis. 
The reactivity of Pt4 and Pt3Co clusters toward O2, CO and H2 has been compared 
theoretically
25
. Particularly relevant to my interest, it has been shown that hydrogen 
chemisorption is more energetically favourable on Pt3Co than on Pt4 because the 
density of states near the Fermi level is increased by electron transfer from Co. A 
structural distortion of the cluster occurs due to adsorption of H2, O2 and CO, to the 
extent that with CO adsorption, the Pt3Co cluster becomes planar. For these alloyed 
clusters, the reactivity generally depends upon the elemental identity of the adsorption 
sites. For Pt3Co, the binding of H2 to Co is typically physisorption, whereas the 
binding of H2 to Pt is typically chemisorption.  
In addition to gas–phase clusters, the effect of supports/matrixes, such as activated 
carbon
15,26–28
, amorphous carbon
6,29,30
, silica and zeolite
31–34
, are of interest. Carbon–
supported Pt–Co catalyst nano–particles have been examined experimentally and 
found to have improved catalytic activity as compared to carbon–supported Pt35–37. 
Although much work has been done, the complexity of the problem is still 
challenging and the range of questions pertaining to the reactivity of transition metal 
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clusters is rather large. It is thus particularly interesting to look for the organising 
principles, such as the relationship between the catalytic activity and the metal d–band 
centre as discussed by Stamenkovic, et al
7
. 
1.2  Objectives and Organization of This Work 
In this work, the focus is to study the factors that affect the oxygen reduction reactions 
that are catalysed by platinum or platinum alloys. In particular, the effects of the 
cluster composition, the coordination site, the cluster orientation and a support have 
been studied.  
Platinum, nickel and their mixed clusters are studied to reveal the significance of the 
above factors, especially when these two elements are widely used in the catalytic 
oxygen reduction reactions. Cobalt, copper, chromium or any other transition 
elements are other possible interesting candidates for this study and they may lead to 
more revealing data and interesting hypothesis. However, it involves significant 
amount of computational work and thus the scope might be too wide to allow me to 
focus on the factors affecting the reactivity of the clusters towards different substrates 
in various stages of the oxygen reduction reactions.  
The density functional theory (DFT) has been employed in this work, and the 
fundamental theories involved will be reviewed in Chapter 2. In spite of its limitations, 
DFT gives results that are consistent and reliable.  
In a catalytic oxygen reduction reaction, there are many important stable 
intermediates. To find out more about the factors that affects the catalytic oxygen 
reduction reaction, it is an essential task to look at the stability of each intermediate as 
well as how the stability of the intermediates respond to changes in the cluster 
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composition and the support. In the next few chapters, each of the stable intermediates 
will be studied in detail.  
In Chapter 3, I will first look at how the stability of the clean cluster is affected by 
various factors, especially when it binds to a graphene support. This fundamental 
study will help me to determine if the mixed metal cluster will segregate to form pure 
platinum and nickel clusters in either the gas–phase or in the graphene–supported 
state. If there is a tendency for the mixed metal cluster to segregate, there is little use 
for me to study the properties of the mixed cluster, since mixed clusters might not be 
isolated in the real physical experiments. Subsequently, energetics of adsorption of 
hydrogen onto the gas–phase metal clusters and the graphene supported clusters will 
be discussed. In this section, I will pay particular attention to the two different 
adsorption states, either in the molecular physisorption state or the dissociative 
chemisorption state, because it will help me to determine how the hydrogen–
hydrogen bond in the hydrogen molecule is activated upon adsorption onto a 
transition metal cluster. A good catalyst needs to be able to activate the hydrogen–
hydrogen bond easily so that the hydride formed upon adsorption can migrate on the 
catalyst surface and reduce other stable intermediates in the system.  
In Chapter 4, the focus is on the study of the adsorption of oxygen–containing 
intermediates, namely, molecular oxygen, oxides and hydroxides. In this study, 
relative stabilities of different stable intermediates will be compared which allows me 
to analyse the impact of the metal cluster on the oxygen reduction pathways. Since the 
oxygen containing intermediates can be adsorbed onto the metal clusters in different 
coordination configurations, I will study each of the configurations to find out how 
the stability of the different configurations is affected by the change in the cluster 
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composition and the presence of the graphene support. The relative stability of these 
different adsorption modes will affect how oxygen molecules are reduced to water in 
the oxygen reduction pathway.  
In Chapter 5, studies on the adsorption of water molecules are described. The 
adsorption of water molecules is the reverse process of the desorption that occurs after 
the molecular oxygen is reduced to water. Two main types of adsorption will be 
compared; one is molecular physisorption while another is dissociative chemisorption. 
The conversion from the dissociative chemisorption state to the molecular 
physisorption state is believed to be the last stage of the oxygen reduction reaction, in 
which a stable water molecule is formed which can be desorbed easily from the metal 
clusters. 
In Chapter 6, two competing pathways of the oxygen reduction reaction will be 
compared. Based on the stable intermediates obtained in the earlier chapters, the 
activation energies of various steps in the the oxygen reduction are computed. Thus, I 
can determine how the strong oxygen–oxygen double bond is activated, either through 
direct dissociation or through formation of a peroxo intermediate. With all this 
information, I can then suggest how the catalysts for the oxygen reduction reaction 
can be further optimised. 
1.3  The Model 
In this work, a monoclinic supercell is used. The dimension of the supercell is based 
on a 4 × 4 graphene lattice. Thus, the supercell parameter a and b are both 9.84 Å, 
while the angle α = 120°. The height of the supercell is set at 14.76 Å, so that the 
supercell is big enough to be used to carry out adsorption studies, in which a free 
non–interacting small molecule could be accommodated. One example of the 
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structure of this supercell with a 4 × 4 graphene support, a Pt4 cluster and a free 
hydrogen molecule is shown in Figure 1.1. The periodic boundary condition is applied 
so that I can study the bulk properties of the clusters which are orderly arranged on 
the graphene support. On the other hand, I can also study the gas–phase properties of 
the metallic cluster when the graphene support is absent. 
 
Figure 1.1 The monoclinic supercell, with a graphene support, a Pt4 cluster and a 
hydrogen molecule, used in this work. 
 
The Pt4 cluster used in this work is the smallest possible cluster that allows me to 
study the adsorption of small molecules onto a single atop–atom, an edge or a surface 
with three atoms. This is critical for me to understand the interaction of different 
reaction intermediates, such as the molecular oxygen, oxides and hydroxides, which 
can bind to the metal cluster through different coordination orientations. A larger 
cluster can provide more coordination sites for the adsorption studies. However, the 
increase in the complexity of the system due to the increase in the number of atoms in 
the cluster will make the analysis of the different factors more complicated. 
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Furthermore, it is also more computationally expensive. Hence a tetrahedron Pt4 
cluster is chosen for this work. 
1.4 Computational Methods 
All the calculations were performed with PWScf from the Quantum Espresso package 
version 4.0.5, which is implemented by the pseudopotential planewave density 
function theory method
38
. All atoms (Pt, Ni, C, O and H) are modelled with the 
Rappe–Rabe–Kaxiras–Joannopoulos (RRKJ) ultrasoft pseudopotential39 with the 
Perdew–Burke–Ernzerhof40 (PBE) generalised–gradient approximation correction 
(GGA) exchange–correlation functional. The choice of method and pseudopotential 
has already been carefully calibrated and benchmarked in my lab for other earlier 
work. To allow faster convergence, a cold smearing with a Gaussian width of 0.001 
Ry or 0.014 eV was used. The energy cut–offs for the wavefunction and the electron 
density are set at 40 Ry and 240 Ry respectively, while the K–point sampling of 4 × 4 
× 1 fold is used. In each self–consistent field (SCF) computation cycle, the energy 
convergence is set at 10
–6
 Ry. For the structural relaxation, the force convergence for 
each atom is set at 10
–3
 atomic unit (a.u.). This set of parameters is chosen to ensure 
that the error in the energy difference is less than 0.01 eV, while it is sufficiently fast 
for the convergence to be achieved. 
In the density functional calculations, wavefunction energy cut–offs and the number 
of K–points in sampling are two important parameters. To ensure that the error in 
terms of energy difference in the computation is smaller than 0.01 eV when the 
number of K–points increases, careful calibration has been carried out.  
First, the wavefunction energy cut–off is calibrated using a graphene supported Pt2Ni2 
cluster and a free hydrogen molecule. The structure is first optimised using 
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wavefunction energy cut–off of 80 Ry and then a self–consistent field (scf) 
calculation is carried out using wavefunction energy cut–offs ranging from 20 Ry to 
60 Ry to determine the total energies of the system. At the same time, the total energy 
of a hydrogenated Pt2Ni2 cluster with a graphene support is determined, using a 
similar method. The total energies of these two systems in the atomic unit, Ry, with 
different wavefunction energy cut–off are tabulated in Table 1.1, together with time 
taken for the computational work. The energy differences between the two systems 
are calculated and tabulated as Eads in units of both Ry and eV. 
Table 1.1 Calibration Data for Wavefunction Energy Cut–off  
wavefunction 
energy cut–
off /Ry 
Pt2Ni2 with free H2 Hydrogenated Pt2Ni2 
Eads /Ry Eads /eV 
total 
time / 
min 
total energy 
/Ry 
time 
/min 
total energy  
/Ry 
time 
/min 
20 –711.3109082 44 –711.4091114 40 –0.09820 –1.33556 84 
30 –711.4298522 68 –711.5192372 72 –0.08938 –1.21564 140 
40 –711.4136616 145 –711.5029936 109 –0.08933 –1.21492 254 
50 –711.4427491 197 –711.5317035 150 –0.08895 –1.20978 347 
60 –711.4247405 219 –711.5136746 209 –0.08893 –1.20950 428 
80 –711.4288873 306 –711.5176972 399 –0.08881 –1.20782 705 
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Table 1.2 Calibration Data for K–point Sampling 
K–point 
sampling 
Pt2Ni2 with free H2 Hydrogenated Pt2Ni2 
Eads /Ry Eads /eV 
total 
time / 
min 
total energy 
/Ry 
time 
/min 
total energy  
/Ry 
time 
/min 
1×1×1 –711.437452 22 –711.530611 19 –0.09316 –1.24833 41 
2×2×2 –711.411438 65 –711.501273 62 –0.08983 –1.20379 127 
4×4×1 –711.413662 145 –711.502994 109 –0.08933 –1.19705 254 
6×6×1 –711.413206 260 –711.502333 209 –0.08913 –1.19429 469 
8×8×1 –711.413233 332 –711.502479 354 –0.08925 –1.19589 686 
8×8×2 –711.413236 1228 –711.502481 965 –0.08925 –1.19588 2193 
 
For the first set of data, I can see that the total energies of both systems hardly 
converge even when the energy cut–off reaches 80 Ry. Further increase in the energy 
cut–off is possible. However, it is computational more expensive as the number of 
computational operations, computer memory usage and total computational time 
increase drastically. It is thus important to note that the energy difference between the 
two systems does converge and give an error of less than 0.01 eV when wavefunction 
cut–off is higher than 30 Ry. Since in the analysis the absolute energy of individual 
structure is not as meaningful as the energy difference between two different 
structures, I will only consider the error in terms of the energy difference. Hence, a 
wavefunction energy cut–off of 40 Ry is chosen for all further computational work to 
ensure that the error in all energy analysis is less than 0.01 eV, while it is 
computationally economical. 
The K–point sampling calibration is also carried out in a similar way while keeping 
the wavefunction energy cut–off constant at 40 Ry. The data is summarised in   
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Table 1.2.  A similar pattern has been observed that the total energies of individual 
systems hardly converge even with a large number of K–points, while the energy 
difference converges much more easily. Considering both the experimental error and 
total computational time, 4 × 4 × 1 sampling is chosen for all subsequent work. Thus, 
it is important to note that in all the work in this study, only the energy difference 
between two systems will be considered. 
In this work, Quantum Espresso 4.0.5 was used throughout to ensure the consistency 
of the data obtained. However, in this version, the van der Waals interaction is not 
considered. With the release of a new version of the package 5.0.2, the van der Waals 
correction is incorporated in the newer version. To assess the impact of the van der 
Waals interaction, a few more calibration work was carried out using the Quantum 
Espresso 5.0.2. The adsorption energy for a few systems was computed and the results 
are summarized in Table 1.3. Eads is the adsorption energy when the van der Waals 
correction was not applied, while Eads’ is the adsorption energy when the van der 
Waals correction was applied. ΔE is the energy difference between the two quantities. 
Table 1.3 Calibration Data for the van der Waals Correction 
Cluster Support Substrate Eads / eV Eads’ / eV ΔE / eV 
Pt2Ni2 Graphene H2 –1.20 –1.17 0.03 
Pt2Ni2 Graphene O2 –0.92 –0.96 0.04 
Pt2Ni2 No Support H2 –1.23 –1.27 0.04 
Ni4 Graphene H2 –0.31 –0.32 0.01 
 
From the above data, it can be seen that van der Waals correction does affect the 
adsorption energies determined in the experiment. However, the difference is only 
about 0.04 eV, which is not very significant when compared to all the energy data 
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discussed in this work. While doing this calibration, the above four different sets of 
experiments were chosen to ensure that any difference in substrate identity, presence 
of support or the identity of the cluster has little impact on the overall adsorption 
energy. Despite that there is a difference in terms of the magnitude of the van der 
Waals interaction due the difference in terms of the number of electrons, especially 
when considering the impact of the support on the van der Waals interaction, this 
difference could be more or less cancelled out when calculating the adsorption energy, 
because systems with same number of electrons are compared in this work. Thus, it is 
justifiable to ignore the van der Waals interaction in the subsequent discussion. 
On another note, in this work, open–shell species are studied. To ensure that these 
species are well taken care of, 40% more energy states are introduced to the system to 
allow the electrons to stay unpaired. Furthermore, a small starting magnetization is 
introduced in all calculations to break the symmetric in terms of the orbital spin so 
that all the electrons will not simply stayed paired since the start. Otherwise, it is not 
energetically favourable for the electrons to be unpaired again in the self–consistent 
field cycle. This is particularly important when searching for transition state and 
determining the adsorption configuration of oxygen as the oxygen–containing 
intermediates and transition states are not in the singlet state. 
In this work, the electron transfer is used to find out the factors affecting the 
adsorption energy and the relative stabilities of different configurations. The electron 
transfer is determined by applying the Löwdin Population analysis
41
 as implemented 
in the Quantum Espresso package. The Löwdin population was determined by 
projecting the overall wavefunction onto the orthogonal atomic orbital wavefunction 
as defined by the pseudopotential
42,43
. This method has been widely used in analysis 
of various materials
44,45
. 
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Chapter 2 Theoretical Background 
There are many different levels of theories employed in computational chemistry 
calculations. In this work, the density functional theory (DFT) has been used in all 
calculations. Hence, I will review the theoretical background of determining the 
ground state electronic structure and the energy of a multi–electron system1–4 in this 
chapter. A few theories and approximations are involved when solving for the ground 
state electronic structures. The few important ones are the following: 1. the 
Schrödinger equation; 2. The Born–Oppenheimer approximation; 3. the variational 
principle; 4. The Hartree–Fock Theory; and 5. the Hohenberg–Kohn theorem. 
2.1 The Schrödinger equation 
All the ab initio methods are based on the quantum mechanics where the electronic 
systems are described by the time–independent Schrödinger equation. Finding the 
solution to this equation would be able to help us determine the energy and the state 
of any electronic systems. The general form of the Schrödinger equation is shown 
below: 
HѰ = EѰ 
H is the Hamiltonian operator for a multi–electronic system with nuclei, while Ѱ is 
the wavefunction of the system, which includes both spatial and spin coordinates of 
electrons, and this wavefunction gives the eigenstate of the system. The Hamiltonian 
operator, H, operates on the wavefunction of the system to give the eigenvalue which 
corresponds to the energy of the system. 
In atomic units, the Hamiltonian for an N–electrons system with M number of nuclei 
has the following form: 
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In this equation, MA is the ratio of the mass of the nucleus A to the mass of an electron; 
ZA is the atomic number of the nucleus A; riA is the distance between the electron i 
and the nucleus A; rij is the distance between the electron i and the electron j; and RAB 
is the distance between the nucleus A and the nucleus B. The first two terms in the 
above equations are the operators for the kinetic energy of the electrons and nuclei 
respectively; the last three terms represent the coulombic interactions between 
electrons and nuclei, electrons and electrons, and, nuclei and nuclei respectively. 
2.2 The Born–Oppenheimer Approximation 
Solving the Schrödinger equation for a multi–electron system with many nuclei is 
extremely difficult, especially when the number of electrons and nuclei gets very 
large. A few approximations are made to ease the solving of the equation. The first 
approximation that I will discuss is the Born–Oppenheimer approximation which is 
central to the field of the quantum chemistry. A qualitative understanding of this 
approximation is based on the fact that nuclei move much slower as compared to 
electrons due to their relatively larger mass. Hence, it is safe to assume that electrons 
are just moving in the field of the fixed nuclei. Thus, the kinetic energy of the nuclei 
and the sum of the coulombic interactions between nuclei can be taken as a constant. 
As a result, the wavefunction and the energy of the electrons could be determined 
independently of that of the nuclei’s. The electronic Hamiltonian can be separated 
from the nuclear Hamiltonian and the electronic Hamiltonian has the following form: 

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The solution to the Schrödinger equation with the electronic Hamiltonian is the 
electronic wavefunction which describes the state of the electrons and it depends 
explicitly on the electronic coordinates but parametrically depends on the externally 
determined nuclear coordinates. With different sets of nuclear coordinates, different 
wavefunctions of the electronic coordinates can be obtained. Thus, the total energy is 
the sum of the energy of the electronic system and the potential energy due to the 
coulombic interaction between nuclei as shown below:  

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Once the electronic problem is solved, the average coordinates of the electrons can be 
calculated. To solve for the nuclei position, I can assume that all the nuclei are placed 
in this average field of all the electrons instead of the fields of individual electrons, 
since the motion of the electrons is so fast and the nuclei could hardly ‘feel’ the exact 
positions of individual electrons. 
As a result, the total energy of the system depends on the coordinates of the nuclei 
once the average electronic coordinates have been determined. With different sets of 
the nuclei coordinates, the total energy can be then computed. The relationship 
between the total energy of the system and nuclei coordinates forms a potential 
energy surface which could be used to determine the most stable structure or the local 
minima based on the nuclei position. The significance of this approximation is that the 
decoupling of wavefunctions of the nuclei and electrons saves the computational time 
as there are much less variables in each computational cycle and the number of 
operations in each cycle is not simply linearly related to the total number of variables 
but usually proportional to its power of 3 or more. 
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2.3 The Variational Principle 
The electronic Schrödinger equation of a single–electron system can be solved 
analytically due to the absence of the complicated electronic Coulombic interactions. 
In the multi–electron systems, both the wavefunction and the operator are unknown. 
Thus, it cannot be solved analytically. To overcome this problem, the variational 
principle is applied.  
Let’s first assume that the wavefunction of the ground state of the system is Ψ0 and 
the corresponding ground state energy is E0. Since the exact ground state 
wavefunction is unknown, I can first try to solve this equation by using a normalized 
trial wavefunction, Ψtrial. The energy obtained after solving the equation is Etrial. 
According to the variational principal, Etrial is the upper bound of the true ground state 
energy, E0. This principle is applied in solving the electronic wavefunction and its 
corresponding energy using the self–consistent field (scf) method. In this method, a 
guessed electronic wavefunction is used to determine its average electric field. The 
Hartee–Fock theory is then applied to solve for a new set of spin orbitals and thus a 
new electronic wavefunction. Iteratively, this new set of electronic wavefunction is 
then used again. In each iteration cycle, the energy value obtained from its 
eigenvalues of the eigenfunctions is getting lower and it is also getting closer to the 
true value. At the same time, the wavefunction obtained is getting closer to the exact 
wavefunction of the system. Hence, the energy calculated in this iterative process will 
tend to a limit, which is called the Hartree–Fock limit and it should be sufficiently 
close to the true value if the convergence limit has been set small enough. In this 
study, the convergence limit used is 10
–6
 Ry. More details of the Hartree–Fock 
approximation and the theory will be discussed in the next section. 
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2.4 The Hartree–Fock theory 
In the earlier sections, the focus is on the simplification of Hamiltonian operator in the 
Schrödinger equation. In this section, more attention will be paid to the electronic 
wavefunction of the system, especially to how the wavefunction is approximated in 
the computation. Even though I will not present the derivation of the Hartree–Fock 
equation here, I will discuss the application of this approximation in the field of the 
computational chemistry as well as some of its limitations. 
The wavefunction of any electronic systems, Ψ, is not physically observable. Thus, it 
does not carry any physical meaning. As a result, the exact form of the wavefunction 
is not known and some treatments and approximations are to be made before I can use 
the wavefunction for computation. However, the square of the wavefunction gives the 
probability of observing electrons within a physical space when it is integrated over 
its volume. Hence this gives two constrains to the form of the wavefunction, namely, 
the wavefunction must be square integrable and the integration of the square of the 
overall wavefunction in all space gives the total number of the electrons in the system. 
Let us first use Ψ(x1, x2, … xi, xj, … xn) to represent the wavefunction of an n–
electron system, where xn is the individual electron. When the position of two 
electrons, xi and xj, has been switched, a new wavefunction is obtained, Ψ(x1, x2, … xj, 
xi, … xn). Since the switching the position of two electrons does not affect the 
probability of observing electrons in space, the square of the two wavefunctions 
should be the same as shown below: 
|Ψ(x1, x2, … xi, xj, … xn)|
2
 = |Ψ(x1, x2, … xj, xi, … xn)|
2
 
The result of the above equation is that these two wavefunctions are either the same or 
the negative of each other. Since electrons are fermions which is anti–symmetric with 
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respect to an exchange, the two wavefunctions cannot be the same. Thus, the 
relationship between the two is shown: 
Ψ(x1, x2, … xi, xj, … xn) =  –Ψ(x1, x2, … xj, xi, … xn) 
The consequence of the above relationship is that the simple Hartree product of 
wavefunctions of individual electrons cannot be used to approximate the 
wavefunction of the complete electronic system, because the Hartree product is 
symmetric with respect to exchange. To overcome this problem, a more complicated 
form, a Slater determinant is used to represent the wavefunction of the whole system 
as shown below: 
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When the Slater determinant is used to approximate the wavefunction of the system 
and to solve for the electronic wavefunction of the system, the energy obtained is 
called the Hartree–Fock energy which is rewritten as following: 
 
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In the above expression, the first term, ( i | h | i ) , gives the contribution from the 
kinetic energy and the potential energies of the attraction between nuclei and the 
electrons. The two last terms, ( ii | jj ) and ( ij | ji ), are the Coulomb and exchange 
integrals, respectively, which give the potential energy of the interaction between two 
electrons.  When solving the minimization problem to determine the lowest possible 
energy of EHF, a constrain that wavefunctions of individual electrons are orthonormal 
to each other is applied, which in turn gives following set of equations where the 
orbital energies of individual electrons can be solved separately: 
iiiif    
In the above expression, the εi and χi are the orbital energy and wavefunction of the 
electron i, while fi is the Fock operator for the electron i, which is defined as 
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The first two terms are for the kinetic energy of the electron and the potential energy 
due to electrostatic attraction between the nucleus and the electron respectively. The 
last term VHF, is the average potential experienced by the electron i due to the 
remaining electrons in the system. Hence, when solving this system, the individual 
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electron–electron interaction is replaced with an average electric potential. In this way, 
the computation is simplified.  
In the earlier section, I have discussed the application of the variational principle in 
the context of self–consistent field calculation. The VHF in the Fock operator is first 
determined from the guessed or the trial wavefunction and it is then used in the Fock 
operator to solve for a more actual wavefunction, which can be used again in the Fock 
operator in an iterative manner until the energies calculated from the last two cycles 
are sufficiently close. 
The Slater determinant is a good estimate for the wavefunction of a multi–electron 
system. With the help of the variational principle and applying the self–consistent 
field method, the ground state energy, E0 could be reasonably well–estimated as the 
Hartree–Fock limit, EHF. However, the Hartree–Fock limit is always higher than the 
actual ground state energy. The difference between the two is defined as the 
correlation energy, as shown: EC
HF
 = E0 – EHF, where EC
HF
 is always negative by its 
definition. There are two factors that contribute to this difference. One is the dynamic 
electron correlation which is caused by the electron–electron repulsion between two 
electrons when it is getting to very close to each other, especially when only the 
average potential of other electrons are considered when solving the Hartree–Fock 
equation instead of considering actual position of other electrons. The other reason is 
that the Slater determinant used is not a good approximation especially when there are 
a few other possible Slater determinants with similar energies. In the field of the ab 
initio quantum chemistry, methods, such as the second order perturbation theory and 
the configuration interaction, have been developed to reduce the exchange correlation 
energies. However, these methods can be more computationally expensive since more 
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factors have been considered and some may scale with fifth power or more of the 
system size.  
2.5 The Hohenberg–Kohn Theorems 
Alternative methods have been explored to solve the electronic problem without using 
the actual wavefunction of the system, hoping to reduce the high computational 
demands of the original Hartree–Fock implementation. One attempt is to use the 
electron density to determine the energy of an electronic system. The electron density 
is physically observable. Thus, it can be more easily described with a mathematical 
function. This electron density is related to the original wavefunction of the system 
through the density probability function which is the square of the wavefunction of 
the electronic system. Renormalisation of the density probability function to the total 
number of electrons gives the electron density. 
It is believed that the electron density contains sufficient information to determine the 
energy of the system. A simple qualitative argument has been developed. With the 
mathematical function describing the electron density, I could first look for cusps, 
where the gradient of the electron density function discontinues. The position of these 
cusps is the position of the nuclei that present in the system. The change in the 
gradient of the electron density also gives the information on the nuclear charge of the 
individual nuclei. Thus, the elemental identity of the atoms in the system can be 
determined. With the position and identity of all the atoms in the system, all other 
properties can be determined as a result.  
This is formally proven by Hohenberg and Kohn in their paper published in 1964. 
This proof established the theoretical foundation for the Density Functional Theory. 
In their paper, they have shown that the electron density of a system, uniquely 
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determines its external potential and thus the energy of the system. This proof is 
simple and is illustrated below: 
Let us assume that there are two different systems with same electron density ρ but 
with two different wavefunctions, ψ and ψ’ and two different external potentials v and 
v’. The ground state energies of the two systems are E and E’, respectively. 
When a Hamiltonian operator is applied to each other’s wavefunction, I will 
following 
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When the above two equations are added, I will get 
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Thus, a contradiction is reached and the assumption that two different electronic 
systems give a same electron density is not valid. Hence, a known electron density 
can determine its external potential and thus its energy. With this theorem, I can 
safely use the electron density as the fundamental quantity to determine other 
properties, such as the total energy of a system.  
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Chapter 3  Hydrogen Adsorption on Mixed Platinum and Nickel 
Nano–clusters1 
3.1 Introduction 
The interaction of hydrogen with transition metal clusters has been actively 
investigated. Early work includes ab initio calculations for the interaction with small 
Pt clusters
1
. More recent calculations
2,3
 investigated the interaction with Pt4 in various 
electronic states and with the hydrogen molecule approaching the different adsorption 
sites (atop, bridge, face) of the cluster either in a head–on or side–on orientation. 
These results show that both activated and non–activated paths exist for the capture of 
the hydrogen molecule by the cluster. Only adsorption at atop site was found. 
Adsorption on the bridge site or on the cluster face is not observed, and the adsorption 
is accompanied by a charge transfer from the cluster to hydrogen. 
In addition to the Pt4 cluster, the hydrogen adsorption on Ptn with n from 1 to 5
4
 and 
larger Platinum clusters up to Pt9
5,6
 have also been investigated. Although there has 
been extensive work on pure Platinum clusters, the effect of cluster composition upon 
adsorption energetics has not been systematically addressed previously. The 
adsorption of a hydrogen molecule on the AuPt3 cluster has been compared with that 
for Pt4, showing that there are paths with lower adsorption energies and activation 
barriers for the AuPt3 cluster than for the Pt4 cluster. However, the impact of further 
composition change, which could be used to provide general guiding principles when 
designing mixed transition metal clusters for catalytic reactions, has not been studied 
in detail. 
                                                 
1
 The work in this chapter has been published in J. Phys. Chem. C 2010, 114, 21252–21261. 
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The adsorption of hydrogen on Pt4 and Pt3Co has also been recently investigated to 
assess the effect of Co–doping on the catalytic activity7. Considering both a head–on 
and a side–on approach by a hydrogen molecule, both physisorbed (head–on) and 
chemisorbed (side–on) structures for Pt4 have been indentified, with adsorption 
energies of 0.26 eV and 1.56 eV, respectively. For Pt3Co, only chemisorption with 
energies of 1.81 eV occurs at a Pt atom, whereas physisorption with energy 0.52 eV 
occurs at the Co atom. This suggests that elemental identity of the atom that binds to 
the hydrogen is an important factor when activating the hydrogen–hydrogen bond 
upon adsorption. Consideration of the molecular orbital shapes shows that hydrogen–
bond activation preferentially occurs at the Pt–atop site rather than the bridge or face 
sites. For H2, CO and O2, the chemisorption energy is larger for Pt3Co than for Pt4, 
which has been attributed to the charge transfer from Co to Pt, leading to a larger 
density of states at the Fermi level. In this work, I will look how the charge transfer 
from Ni to Pt affects the bonding between adsorbed hydrogen and the metal cluster. 
With the presence of a graphene support, I can further adjust the electron transfer to 
help me determine the more significant factors that govern the stability of the 
hydrogenated clusters. 
Most of the other work so far is on one or two factors, and little was done to discover 
how all different factors affect the adsorption of hydrogen molecules on a metal 
cluster. In this chapter, I will look at that how different factors, namely, cluster 
composition, cluster support, cluster orientation and coordinating atom, affect both 
the hydrogen adsorption energy and the binding energy between the metal cluster and 
the graphene support. Detailed analysis in terms of electron transfer and projected 
density of states is carried out to differentiate between the molecular physisorption of 
hydrogen molecules and dissociative chemisorption of hydrogen on the metal cluster. 
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Through this analysis, I will be able to determine the impact of the hydrogen 
adsorption on the intra–cluster bonding and the binding of the metal cluster to 
graphene. Thus, I can explain the differences in the hydrogen adsorption energies 
upon adsorption on different compositions of metal clusters in different orientations 
through different coordinating atoms. 
3.2 Results and Discussion 
3.2.1 Clean Clusters 
In this section, I will first look at the clusters without adsorbed hydrogen by 
examining how the binding energy to graphene and the stability to segregation into 
pure clusters vary with composition for both gas–phase clusters and clusters 
supported on graphene. For supported clusters, I explored both the face–on and the 
edge–on adsorption configurations illustrated in Figure 3.1. The binding energy, Ebind, 
is obtained by calculating the energy difference between the gas–phase (Egas) and the 
supported cluster (Esupported) to assess the cluster stability with respect to desorption 
from the graphene sheet, i.e. Ebind = Egas – Esupported. Hence, a more positive Ebind 
indicates that the adsorption between the cluster and the graphene support is stronger. 
Stability with respect to segregation into pure clusters is calculated according to the 
mixing energy per cluster, Emix = 
4
)4(4
444 NiPtNiPt
nEEnE
nn


; that is, I take the 
reference energy for each composition to be that for the segregated pure tetramers. 
For supported clusters, the mixing energy is calculated relative to the energy of the 
face–on Ni4 and the edge–on Pt4 cluster, because for Pt4 clusters, the edge–on 
configuration is more stable than that of the face–on configuration. A strong 
correlation between the values of Ebind and Emix for supported clusters is found. The 
Chapter 3 Hydrogen Adsorption 
25 
 
more negative the value of Emix is, the less the tendency for the mixed metal cluster to 
segregate into individual Pt4 and Ni4 clusters. 
 
Figure 3.1 Top view (top panels) and side view (bottom panels) of the face–on (left 
panel) and edge–on (right panels) binding configurations to graphene. 
 
From previous work on mixed tetramers of Fe, Co and Ni, my group finds that the 
largest binding energy to graphene occurs for the compact tetramers bound to 
graphene in a face–on adsorption configuration8. The edge–on adsorption 
configuration for Ni is less stable than the face–on adsorption configuration by 
0.23 eV. On the other hand, my results here show that this is not the case for the Pt4 
tetramer, which is more stable by 0.25 eV when bound in the edge–on configuration 
compared with the face–on configuration. Mixing energy per cluster (Emix) and intra–
cluster electron transfer ( Pt ), which is calculated by taking the difference between 
the localized electrons in all Pt atoms in the cluster and the localized electrons in the 
isolated Pt atoms, are summarized in Table 3.1 for gas phase clusters and Table 3.2 
for the supported clusters. For the supported clusters, I have also determined the 
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electron transfer from the metal cluster to the graphene ( C ) and tabulated in Table 
3.2. Both quantities, Pt  and C , are in the unit of elemental electronic charge. A 
positive Pt  and C  value indicates that electrons have been transferred to Pt or 
graphene respectively. For each mixed cluster, there is more than one face–on and 
edge–on structure, depending upon the elemental identity of the atoms binding to 
graphene. These different binding configurations are all considered in this work. 
Table 3.1 Clean Clusters without Graphene Support 
Cluster Pt4 Pt3Ni Pt2Ni2 PtNi3 Ni4 
Emix / eV  –2.58 –3.83 –2.99  
Pt  0.000 0.542 0.851 0.696 0.000 
 
Table 3.2 Clean Supported Clusters 
Cluster 
Composition 
Binding 
Configuration 
a
 
Emix 
b
 / eV Ebind / eV C  Pt  
Pt4 face–on (Pt3) 0.25 1.14  0.256 –0.256 
 edge–on (Pt2) zero 1.39 0.121 –0.121 
Pt3Ni face–on (Pt2Ni) –0.43 1.28 0.408 0.197 
 face–on (Pt3) 0.56 0.29 0.306 –0.168 
 edge–on (PtNi) –0.50 1.35 0.256 0.322 
 edge–on (Pt2) –0.02 0.87 0.184 0.190 
Pt2Ni2 face–on (PtNi2) –0.84 1.47 0.593 0.437 
 face–on (Pt2Ni) 0.10 0.53 0.455 0.070 
 edge–on (Ni2) –0.67 1.30 0.435 0.641 
 edge–on (PtNi) –0.46 1.09 0.344 0.423 
 edge–on (Pt2) 0.08 0.55 0.224 0.184 
PtNi3 face–on (Ni3) –0.95 1.89 0.794 0.579 
 face–on (PtNi2) 0.00 0.95 0.643 0.107 
 edge–on (Ni2) –0.54 1.48 0.508 0.494 
 edge–on (PtNi) 0.14 0.81 0.420 0.106 
Ni4 face–on (Ni3) zero 1.79 0.853 –– 
 edge–on (Ni2) 0.23 1.56 0.580 –– 
a
: indicates the binding configuration, either face–on or edge–on, and the 
elemental identity of atoms through which the cluster binds to the graphene is 
annotated in the bracket. 
b
: the relative energies of clean supported Pt4 and Ni4 clusters are defined as 
zero. 
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Corresponding to each cluster orientation, there can also be a number of different 
adsorption sites on the graphene lattice. I limit my search for the different adsorption 
sites by starting the geometry optimization with the adsorption sites that are favoured 
for the pure Pt4 and Ni4 clusters. It has been found previously that this procedure 
works well for mixed Fe, Co and Ni clusters because the nature of the interaction with 
graphene depends to a large extent upon what elements the binding atoms are, in spite 
of the change in the amount of charge transfer.  
I find a rather large negative mixing energy for the gas–phase clusters, demonstrating 
that it is thermodynamically unfavourable for gas–phase mixed clusters to segregate 
into the pure platinum and nickel clusters. In particular, the Pt2Ni2 cluster has the most 
negative Emix of –3.83 eV. My results show that in the mixed clusters, each Ni atom 
loses electrons, and each Pt atom gains electrons relative to be the charge on the 
isolated atoms. The net charge gained by the Pt atoms, Pt , is the largest for Pt2Ni2 
at 0.851. A significant gain in the cluster stability upon mixing Pt and Ni is expected 
since the Pauling electronegativities of Pt and Ni are quite different at 2.28 and 1.91, 
respectively, and the charge transfer from Ni to Pt is expected. My results show that 
this charge transfer is correlated to the relative stability of the cluster. Thus, the intra–
cluster bonding is strongest for intermediate compositions. I will use this correlation 
between ∆ρPt and the cluster stability in my discussion of the variation of the 
hydrogen adsorption energy with cluster composition. 
The binding energy and relative stability of the supported clusters depend not just 
upon the composition but also upon how the cluster is adsorbed onto the graphene 
support, whether in the face–on configuration or the edge–on configuration. The 
binding configuration is indicated in the second column of Table 3.2 for each 
Chapter 3 Hydrogen Adsorption 
28 
 
supported cluster. In each of these two configurations, the binding energy and stability 
towards segregation also varies with the elemental identity of the atoms through 
which the cluster is bound to graphene. The most strongly bound adsorption 
configuration is edge–on for Pt4 cluster with Ebind of 1.39 eV and Pt3Ni cluster with 
Ebind of 1.35 eV, and face–on for clusters with more than one Ni atom. For Pt3Ni 
which can bind edge–on through either Pt–Pt or Pt–Ni, the latter gives a more stable 
configuration by 0.48 eV. For clusters with more than one Ni atom, the most stable 
face–on configuration with respect to both desorption from graphene and segregation 
is that with the largest number of Ni atoms at the base of the cluster. I understand this 
qualitatively since Ni is less electronegative than Pt and each additional Ni atom at the 
cluster base binding to graphene in the face–on configuration increases the charge 
transfer to graphene by approximately 0.10 to 0.15. Thus, there is a stronger binding 
between the metal cluster and the graphene support. 
I first consider the variation in the stability of edge–on clusters in more detail. It can 
be seen that most stable / strongly bound edge–on configuration for each composition 
is the configuration which binds through the largest number of Ni atoms. Thus, for the 
Pt2Ni2 cluster, the most stable edge–on configuration binds through a pair of Ni atoms 
with Emix equal to –0.67 eV and Ebind equal to 1.30 eV, and the least stable 
configuration binds through a pair of Pt atoms with Emix equal to +0.08 eV and Ebind 
equal to 0.55 eV. Binding through one Pt and one Ni atom gives an Emix of –0.46 eV 
and Ebind equal to 1.09 eV for this composition. These results are consistent with a 
stronger adatom binding energy for Ni atom as compared to that of Pt atom. I can 
understand this trend by looking at the charge transfer from the metal cluster to the 
graphene. For a given cluster composition, the relative stability of the edge–on 
adsorption is correlated to the charge transfer to graphene. For example, for the Pt2Ni2 
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cluster, the charge transfers for binding to graphene through Ni–Ni, Pt–Ni and Pt–Pt 
edges are 0.44, 0.34 and 0.22 respectively. Thus, the relative stability of the different 
configurations for each cluster composition is dependent upon the elemental identity 
of the atoms through which the cluster is bound to graphene because binding through 
Ni rather than Pt gives a larger charge transfer to the graphene. For the clusters that I 
investigated, this correlation results in significant variation of the relative stability 
with composition. 
By comparing edge–on clusters that are bound to graphene through the same type of 
atoms, I see that the stability toward segregation and the binding energy to graphene 
of edge–on clusters decreases as the fraction of Ni atoms in the cluster increases. This 
is illustrated by the clusters binding to graphene through a Pt–Ni edge. For these 
clusters, the values of Emix (Ebind) are –0.50 (1.35), –0.46 (1.09) and +1.46 (0.81) eV 
for Pt3Ni, Pt2Ni2 and PtNi3 clusters respectively. The same variation is observed for 
the edge–on mixed clusters bound through Ni–Ni and Pt–Pt edges. For the Pt–Ni 
edge–on adsorption configuration, the charge transfers from the metal cluster to 
graphene are 0.26, 0.34 and 0.42 for Pt3Ni, Pt2Ni2 and PtNi3 clusters respectively. 
This is opposite in trend to the relative stability Emix and the binding energy Ebind. 
Thus, it is clear that the cluster energetics is determined not just by the strength of the 
binding to the graphene support. 
Indeed, as shown in the discussion of the gas–phase clusters, it is important to 
consider the intra–cluster bond strength. From the results of the gas–phase clusters I 
gauge this by looking at the change in the charge localized on the Pt atoms in each 
cluster. For the edge–on Pt3Ni, Pt2Ni2 and PtNi3 bound to graphene through Pt–Ni, 
binding to graphene is accompanied by a decrease in the Pt–localized charge of 0.22, 
0.43 and 0.59; that is, significantly larger decreases as the Ni fraction increases. 
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Therefore, for the clusters bound through the Pt–Ni edge, the change in the binding 
strength to graphene as Ni fraction in the cluster changes is opposite to the 
corresponding change in the intra–cluster stability. Thus, I expect that the clusters that 
are most stable with respect to segregation have an intermediate composition. The 
same variation occurs for the two Pt–Pt edge–on clusters. However, for the Ni–Ni 
edge–on configurations, the Pt2Ni2 cluster, although more stable to segregation, is less 
strongly bound to graphene than PtNi3. The Emix are –0.67 eV and –0.54 eV and the 
Ebind are 1.30 eV and 1.48 eV, respectively. Thus, the charge transfer to graphene 
appears to have the dominant effect on Ebind for these clusters. I also note that as 
opposed to the gas–phase clusters, all three of which are stable relative to the 
segregated clusters. For edge–on mixed clusters bound to graphene, Emix ranges from 
–0.67 eV to 0.14 eV. Summarizing, among the clean edge–on clusters, the Ni–Ni 
bound Pt2Ni2 is the most stable towards segregation, but the Ni–Ni bound PtNi3 has 
the largest binding energy to graphene. The Pt–Ni bound PtNi3 is actually not 
thermodynamically stable with respect to segregation. 
The overall trend in face–on clusters can be understood within the same analysis. 
Each mixed face–on cluster has two adsorption configuration, with either a Pt atom or 
a Ni atom in the atop position. For each composition, the Pt–atop configuration is 
more stable than the Ni–atop configuration. This is consistent with the stronger 
binding to graphene when there is a larger number of Ni atoms at the base of the 
cluster. As the fraction of Ni increases, the relative stability increases, with Emix (Ebind) 
equal –0.43 (1.28), –0.84 (1.47) and –0.95 (1.89) eV for Pt–atop Pt3Ni, Pt2Ni2 and 
PtNi3 clusters, respectively. This parallels the increase in charge transfer to graphene 
of 0.41, 0.59 and 0.79 respectively. Thus, the stability of the mixed clusters and the 
binding strength to graphene increases with the number of Ni atoms at the base. 
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The same trend and correlation is observed for the Ni–atop clusters, although these 
are considerably less stable and considerably less strongly bound to graphene. The 
face–on Ni–atop Pt3Ni and Pt2Ni2 clusters are actually unstable with respect to 
segregation by 0.56 eV and 0.10 eV respectively. As shown that for edge–on clusters, 
the total charge localized on Pt atoms is correlated to Emix and Ebind, and I expect it to 
be important in the energetics of the face–on clusters. However, I find by taking the 
difference in ∆ρPt values for the gas–phase clusters in Table 3.1 and for the supported 
clusters in Table 3.2 that the Pt–localised charges for the Pt–atop face–on clusters 
decrease by 0.342, 0.411 and 0.116 upon binding to graphene for Pt3Ni, Pt2Ni2 and 
PtNi3 clusters respectively, which means that the variation is opposite to what is 
expected. Thus, for mixed clusters bound in the face–on configuration, the results 
show that it is the charge transfer from the cluster to the graphene and binding to 
graphene that dominate the energetics of the clean clusters. However, the intra–cluster 
binding is also important. To see this, I compare Pt–atop Pt3Ni and Ni atop Pt2Ni2 
clusters, both of which are bound to graphene through a Pt2Ni face. These clusters 
transfer approximately the same amount of charge 0.41 and 0.46 respectively to 
graphene and have the same atoms binding to graphene but interestingly, have quite 
different values of Ebind of 1.28 eV and 0.53 eV respectively. I understand this by 
considering the decrease in Pt–localised charge. This has the significantly smaller 
value of 0.345 in Pt3Ni than 0.781 for Pt2Ni2. Thus, a greater weakening of the intra–
cluster bonds occurs upon binding to graphene for Pt2Ni2 than for Pt3Ni. The 
corresponding Emix values for Pt3Ni and Pt2Ni2 are –0.43 eV and 0.10 eV respectively, 
also reflecting the relative change in intra–cluster binding. 
Overall, the stability of a supported mixed cluster is correlated to its composition, the 
adsorption configuration, whether face–on or edge–on and the elemental identity of 
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the atoms through which it binds to the graphene support. The dependence upon these 
factors can be understood by considering the charge transfer from the cluster to the 
graphene substrate and the charge transfer between Ni and Pt within the clsuter. The 
former is correlated to the bond strength between the cluster and the graphene 
substrate, and the latter is correlated to the intra–cluster bond strength. The results 
suggest the possibility of tuning the energetics of supported mixed clusters by 
adjusting these charge transfers in mixed clusters through an appropriate choice of the 
composition. 
3.2.2 Gas Phase Hydrogenated Clusters 
As I have discussed above, the charge transfer between Pt and Ni atoms for the clean 
gas–phase cluster is a maximum for Pt2Ni2. This is correlated to the stability of the 
clean cluster. Thus, I examine the relationship between the hydrogen adsorption 
energy and this charge transfer in detail for both gas–phase and graphene–supported 
clusters. 
Results for adsorption energy (Eads), the hydrogen–hydrogen distance, and the 
localized charges are summarised inTable 3.3. In column 2, I indicated the atom on 
which hydrogen is adsorbed. I denote by HPt , the change in the charge localized on 
the Pt atoms in the cluster relative to isolated Pt atoms; the superscript H indicates 
that this is for the hydrogenated cluster. For convenience, I also tabulated the 
difference, Pt
H
Pt   , with the latter quantity from Table 3.1, to show the change in 
the localised charge on the Pt atoms when hydrogenation of the gas–phase cluster 
occurs. Similarly, the charge transfer upon adsorption from the cluster to hydrogen is 
indicated by H . 
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Table 3.3 Gas–Phase Hydrogenated Clusters 
cluster 
composition 
coordinating 
atom 
Eads / eV H–H 
distance /Å 
H
Pt  Pt
H
Pt    H  
Pt4 Pt 1.66 1.94 (chem) –0.132 –0.132 0.132 
Pt3Ni Pt 1.72 1.95 (chem) 0.419 –0.123 0.158 
 Ni 0.66 0.87 (phys) 0.487 –0.055 0.015 
Pt2Ni2 Pt 1.23 1.90 (chem) 0.439 –0.412 0.170 
 Ni 0.71 0.84 (phys) 0.933 –0.018 0.019 
PtNi3 Pt 0.87 1.96 (chem) 0.069 –0.627 0.203 
 Ni 0.69 0.85 (phys) 0.670 –0.026 0.042 
Ni4 Ni 0.78 0.87 (phys)   0.075 
 
In general, depending upon whether the hydrogen atoms are bonded to Ni or Pt, the 
adsorption can be either molecular physisorption or dissociative chemisorption. When 
hydrogen binds to a Ni atom in the cluster, it undergoes molecular physisorption with 
hydrogen–hydrogen distance of between 0.84 Å and 0.87 Å, which is close to the 
bond length in a free hydrogen molecule, 0.76 Å, and a relatively small adsorption 
energy of less than 0.80 eV. When the hydrogen binds to the cluster through a Pt atom, 
it undergoes dissociative chemisorption with a much larger hydrogen–hydrogen 
distance of between 1.90 Å and 1.95 Å, and with an adsorption energy ranging from 
1.23 eV to 1.72 eV, except for the PtNi3 cluster, for which the adsorption energy is 
only 0.87 eV; that is, much closer to the physisorption energies at the Ni atom. There 
is a clear correlation between chemisorption and a larger charge transfer, ranging 
from 0.132 to 0.203, from the cluster to the hydrogen molecule for adsorption at a Pt 
atom, where as physisorption at the Ni atom occurs with a charge transfer that is 
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smaller, ranging in values from 0.015 to 0.075. For convenience, I indicate whether 
hydrogen is physisorbed or chemisorbed in column 4 of Table 3.3. 
In the case of physisorption, the adsorption energies increases slight from 0.66 eV for 
Pt3Ni to 0.78 eV for Ni4, which is in correlation with the small increase in charge 
transfer from the cluster to the hydrogen atoms as the fraction of Ni in the cluster 
increases. In comparison to the chemisorption cases to be discussed below, the 
distance between the physisorbed hydrogen atoms is not considerably changed from 
that for the gas–phase hydrogen molecule. I illustrated the change in the electronic 
density of states due to hydrogen adsorption at a Ni atom in Figure 3.2 and Figure 3.3 
for Ni4 and Pt3Ni, respectively. In each figure, I plot the density of states, before and 
after adsorption, projected on the Ni atom on which hydrogen adsorbs and on one of 
the hydrogen atoms. In Figure 3.3 I also plot the density of states for a Pt atom at the 
base of the cluster. In can be seen that adsorption results in a small contribution from 
the Ni orbitals to the mainly hydrogen 1s state at about 8.5 eV below the Fermi level. 
The hydrogen molecular states are still dominated by hydrogen–hydrogen interaction. 
Similarly, small contribution from the hydrogen 1s orbital is observed for the Ni d–
band. From the small hydrogen–hydrogen distance in the physisorbed structure, it is 
also clear that the hydrogen molecule is only slightly affected by adsorption. Thus, the 
density of state, the adsorption energy and the hydrogen–hydrogen distance all 
indicate that in the physisorbed cases I find in this work, the hydrogen molecule is 
more or less intact, although it is bound to the cluster. 
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Figure 3.2 The density of states for the clean gas–phase (upper panel) and 
hydrogenated (lower panel) Ni4 cluster. The density of states shown is that projected 
on the nickel atom that hydrogen is physisorbed at in the hydrogenated cluster. 
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Figure 3.3 The density of states for the clean gas–phase (upper panel) and 
hydrogenated (lower panel) Pt3Ni cluster. The density of states shown is that 
projected on the nickel atom that hydrogen is physisorbed at in the hydrogenated 
cluster. 
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To determine the effect of adsorption on the intra–cluster binding, it is useful to 
consider the net charge transferred to the Pt atoms and how this amount changes when 
hydrogen adsorbs on a Ni atom which is reported in Table 3.3 as the difference in the 
localized charges on the Pt atoms between the hydrogenated and clean clusters, 
Pt
H
Pt   . Thus, relative to the localized charges in the clean gas phase clusters, I 
find that for Pt3Ni, Pt2Ni2 and PtNi3 clusters, physisorption of hydrogen on a Ni atom 
results in a change in Pt which equal 0.055, 0.018 and 0.026 respectively. These are 
much smaller than the change in localized charges on Pt atoms when hydrogen 
molecule chemisorbs at a Pt atom, as I see inTable 3.3. Thus, it is clear that as the 
hydrogen physisorbs on a Ni atom, the intra–cluster bonds do not change significantly, 
and the hydrogen adsorption energy is mainly determined by the amount of charge 
transferred to the hydrogen from the cluster. 
In the case of chemisorption at a Pt atom, the adsorption energy is largest at 1.72 eV 
for Pt3Ni while the chemisorption energy for Pt4 is 1.66 eV, which agrees reasonably 
with the value of 1.56 eV obtained using a different method. In Figure 3.4 and Figure 
3.5, I plot the density of states before and after hydrogen chemisorption at a Pt atom 
in Pt4 and PtNi3 clusters respectively. These plots show that the change in the density 
of states is considerably larger than in the physisorbed case and, indeed, provides the 
motivation for the classification into physisorbed and chemisorbed cases. Upon 
adsorption, the lowest–energy orbital, which I trace to the unadsorbed hydrogen 
orbital, has large contribution from both hydrogen and metal orbitals, both the s and d 
orbitals of the latter. Indeed, this contribution from the Pt orbitals is larger than those 
from hydrogen. The next two higher–energy orbitals in the hydrogenated clusters, 
which are mostly due to the d orbitals, also interact significantly with hydrogen.  
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Figure 3.4 The density of states for the clean gas–phase (upper panel) and 
hydrogenated (lower panel) Pt4 cluster. The density of states shown is that projected 
on the platinum atom to which hydrogen is chemisorbed in the hydrogenated cluster. 
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Figure 3.5 The density of states for the clean gas–phase (upper panel) and 
hydrogenated (lower panel) PtNi3 cluster. The density of states shown is that 
projected on the platinum atom to which hydrogen is chemisorbed in the 
hydrogenated cluster. 
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Figure 3.6 Density of states for the hydrogenated clusters with composition (a) Pt4, (b) 
Pt3Ni, (c) Pt2Ni2 and (d) PtNi3 showing the dependence upon the Ni fraction in the 
cluster. The density of states shown is for the platinum atom on which hydrogen is 
adsorbed. 
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It is useful to consider the size of the hydrogen contributions as the composition 
changes from Pt4 to PtNi3. From the density of states for adsorbed cluster Pt4–nNin for 
n = 0 – 3, in Figure 3.6, it can be seen that this interaction increases as the fraction of 
Ni increases. For instance, for Pt4, the state at about –4 eV in the hydrogenated cluster 
shows little contribution from the hydrogen orbital, but the corresponding state in the 
mixed clusters has a progressively larger hydrogen contribution as the Ni fraction 
increases. Thus, it is clear that with increasing Ni fraction in the cluster, the 
interaction with hydrogen is enhanced. This is consistent with the increased hydrogen 
adsorption energy of 1.81 eV for Pt3Co compared with 1.56 eV for Pt4, previously 
found. Similarly, in my calculation, I find that Pt3Ni has a hydrogen adsorption energy 
of 1.72 eV, which is larger than 1.66 eV for Pt4. However, I find that the hydrogen 
adsorption energy peaks at 1.72 eV for Pt3Ni, although the density of states indicates 
increasing cluster–hydrogen interaction with an increase in the Ni fraction. The 
hydrogen adsorption energy for PtNi3 is 0.87 eV, which is considerably less than that 
for Pt4. 
As I have discussed above, the relative energy of the clean clusters depends upon 
intra–cluster bond strength. It is also important to establish how this is affected by 
hydrogen adsorption, particularly in the case of chemisorption in which a significant 
charge transfer from the cluster to hydrogen molecule occurs. I thus examine the 
amount of charge localised on the Pt atoms of the cluster. In my discussion of the 
clean gas phase clusters above, I saw that the relative stability of the clusters towards 
segregation depends on the amount of charge transferred from Ni atoms to Pt atoms, 
contributing to the intra–cluster bond strength. The results in   
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Table 3.3 show that the total amount of charge localised on Pt atoms in the cluster 
decreases with hydrogen adsorption. This decrease is equal to 0.123, 0.412 and 0.627 
for Pt3Ni, Pt2Ni2 and PtNi3 clusters respectively, which are considerably larger than 
the corresponding quantities for physisorption on a Ni atom in each cluster. Hence, 
hydrogen adsorption is accompanied by a decrease in cluster stability and this 
decrease is progressively larger as the fraction of Ni increases. 
Therefore, there are two opposing factors that determine the hydrogen adsorption 
energy as the Ni fraction increases: an increase in the cluster–hydrogen interaction 
and a decrease in cluster stability due to hydrogen adsorption. The balance between 
these effects, at least for Pt4–nNin, gives a maximum hydrogen adsorption energy for 
Pt3Ni. It is interesting to note that the chemisorption energy is only 0.87 eV for PtNi3, 
even though the adsorbed hydrogen are rather far apart and, thus, dissociated. This is 
properly considered to be chemisorption for two reasons. First, the hydrogen–
hydrogen distance is 1.96 Å, indicating that the hydrogen molecule has clearly 
dissociated. Second, as I have shown in panel (d) of Figure 3.6, there is a significant 
overlap of the hydrogen and the metal orbitals in the density of states for PtNi3, 
indicating significant electronic interaction between hydrogen and the cluster. The 
results can be tuned over a considerable range by varying the cluster composition by 
taking advantage of the variation in cluster–hydrogen bond strength and the intra–
cluster bond strength as the composition changes.  
3.2.3 Supported Hydrogenated Clusters 
The electronic structure and energetics of clusters can be significantly altered by a 
supporting substrate. Thus, I turn next to hydrogen adsorption on supported clusters. 
The effect of a graphene support on Ptn, with n = 2 – 4
9
, has been recently explored, 
and the results suggest that supporting on graphene lowers the hydrogen adsorption 
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energy and favours the atop site for hydrogen adsorption. Recent experiments also 
found unusually high catalytic activity for small platinum clusters supported on 
graphene
10
. It is thus important to understand how the energetics of adsorption 
changes when the Pt4–nNin cluster interacts with a support. The results are summarized 
in Table 3.4, where the hydrogen adsorption energy and the hydrogen–hydrogen 
distance are reported. As I have discussed above, the supported clean cluster for each 
composition can be bound to graphene in different configurations with different 
energies. Similarly, supported hydrogenated clusters of each composition can have a 
number of different configurations. Thus, I define the hydrogen adsorption energy as 
the energy difference between the supported hydrogenated cluster in each 
configuration and the supported clean cluster bound to graphene in the same binding 
configuration. I also reported the binding energy of the hydrogenated cluster to 
graphene. The energy Erel of each supported hydrogenated cluster relative to the most 
stable one for each composition is also included in Table 3.4. In addition to these 
energies, I also tabulated the charge transfer to hydrogen and the change in the 
localized charges on Pt and graphene due to hydrogenation. These quantities are 
defined in the same way as the corresponding quantities above for the gas–phase 
clusters. 
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Table 3.4 Supported Hydrogenated Clusters 
cluster 
compositi
on 
binding 
configuration 
coordinating 
atom 
Eads  
/ eV 
Ebind  
/ eV 
Erel 
 / eV 
H–H 
distance 
/ Å 
H
C  
C
H
C  
 
H
Pt  
Pt
H
Pt  
 
H  
Pt4 face–on(Pt3) Pt 0.52 0.00 1.03 1.87 0.263 0.006 –0.401 –0.145 0.138 
 edge–on(Pt2) Pt 1.29 –1.03 0.00 1.90 –0.031 –0.153 –0.133 –0.012 0.163 
 edge–on(Pt2) Pt 1.25 –0.98 0.05 1.87 –0.005 –0.127 –0.150 –0.028 0.155 
 edge–on(Pt2) Pt 1.24 –0.98 0.05 1.88 –0.013 –0.135 –0.147 –0.026 0.160 
Pt3Ni edge–on(PtNi) Pt 1.13 –0.75 0.22 1.65 0.193 –0.063 0.261 –0.061 0.090 
 edge–on(Pt2) Ni 0.84 –1.06 0.99 0.84 0.168 –0.016 0.260 0.070 0.021 
 edge–on(Pt2) Pt 0.99 –0.13 0.84 1.81 0.064 –0.121 –0.043 –0.234 0.167 
 edge–on(PtNi) Pt 1.35 –0.97 0.00 1.88 0.078 –0.178 0.363 0.041 0.171 
 edge–on(Pt2) Pt 1.20 –0.34 0.63 1.88 0.035 –0.149 0.119 –0.072 0.157 
 edge–on(Pt2) Ni 0.94 –1.09 0.96 0.85 0.179 0.006 0.136 –0.054 0.031 
Pt2Ni2 edge–on(Ni2) Pt 1.40 –1.47 0.00 1.59 0.335 –0.100 0.551 –0.091 0.111 
 edge–on(PtNi) Ni 0.77 –1.16 0.83 0.86 0.343 –0.002 0.471 0.048 0.041 
 edge–on(PtNi) Pt 0.88 –0.75 0.72 1.83 0.177 –0.168 0.211 –0.212 0.180 
 edge–on(Pt2) Ni 0.86 –0.41 1.58 0.84 0.258 –0.033 0.108 –0.075 0.023 
 edge–on(PtNi) Pt 0.89 –0.75 0.72 1.84 0.178 –0.167 0.197 –0.226 0.181 
 edge–on(PtNi) Ni 0.82 –1.19 0.80 0.87 0.323 –0.022 0.425 0.002 0.047 
 edge–on(Pt2) Ni 0.46 –0.30 1.70 0.84 0.231 0.006 0.098 –0.085 0.031 
PtNi3 face–on(Ni3) Pt 0.50 –1.52 0.00 0.87 0.789 –0.005 0.377 –0.202 –0.002 
 edge–on(Ni2) Pt 0.68 –1.29 0.23 0.94 0.482 –0.026 0.297 –0.198 0.005 
 edge–on(Ni2) Ni 0.67 –1.46 0.23 0.86 0.492 –0.017 0.515 0.021 0.047 
 edge–on(PtNi) Ni 0.86 –0.98 0.72 0.87 0.368 –0.052 0.195 0.089 0.067 
 edge–on(Ni2) Pt 0.67 –1.29 0.24 1.64 0.408 –0.100 0.110 –0.384 0.151 
 edge–on(Ni2) Ni 0.87 –1.66 0.03 0.88 0.482 –0.021 0.556 0.062 0.061 
Ni4 face–on(Ni3) Ni 0.36 –1.36 0.03 0.83 0.855 0.020 NA NA 0.039 
 edge–on(Ni2) Ni 0.68 –1.45 0.00 0.86 0.569 –0.010 NA NA 0.063 
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As in the case of the gas phase clusters, I distinguish hydrogen chemisorption and 
physisorption by considering the hydrogen–hydrogen distance and the charge transfer 
to hydrogen. There is a clear correlation between the H–H distance and 
H , with 
larger values for both of these quantities for chemisorption. For chemisorption, the 
molecular hydrogen bond is clearly broken, and the H–H distance ranges from 1.59 Å 
to 1.88 Å, whereas for physisorption, the H–H distance is much shorter and ranges 
between only 0.83 Å and 0.88 Å. The charge transfer to hydrogen ranges from 0.900 
to 0.171 for the former and from 0.002 to 0.670 for the latter. I find that most of the 
examples of hydrogen adsorption at a Pt atom fall into the chemisorption case. Two 
exceptions are found, for the PtNi3 cluster for both the face–on (through the Ni3 face) 
and the edge–on (through a Ni–Ni edge) configuration. Both cases are characterised 
by rather low charge transfer to hydrogen that is similar in magnitude to the 
physisorption cases in the corresponding gas–phase clusters. In all the cases I 
investigated for adsorption at a Ni atom, hydrogen is physisorbed. 
I first discuss the results for the pure cluster Pt4 and Ni4, for each of which I calculated 
both a face–on and an edge–on configuration. For Pt4, both hydrogenated 
configurations are in chemisorbed states, The hydrogen adsorption energy are 0.52 eV 
and 1.25 eV for the face–on and edge–on configuration for Pt4, which is consistent 
with Okazaki’s work, where the same density functional was used with a cut–off 
energy of 25 Ry, only face–on configuration was found, and a hydrogen adsorption 
energy of 0.49 eV was reported. Since the binding energies for the clean clusters to 
graphene for the face–on and edge–on configurations are 1.14 eV and 1.39 eV, 
respectively, the hydrogenated edge–on supported cluster is also more stable than the 
face–on supported cluster by 0.98 eV. The hydrogen adsorption energies are slightly 
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lower than the 1.66 eV for the gas phase Pt4. Thus, binding to graphene lowers the 
hydrogen adsorption energy of the cluster. 
The change in the localised charges on graphene and Pt atoms is interesting. The 
results show that hydrogenation of supported Pt4 in the face–on configuration is 
accompanied by a significant decrease in the Pt–localised charge but a rather small 
change in the graphene–localised charge. On the other hand, hydrogenation of the 
edge–on configuration leads to a significant decrease in the graphene–localised charge 
rather than the Pt–localised charge. Thus, the stability gained from the formation of 
the cluster–hydrogen bond is slightly offset by weaker intra–cluster bonds in the face–
on configuration and by a weaker cluster–graphene bond in the edge–on configuration. 
I can thus understand the slightly lower hydrogen adsorption energy in each of these 
cases compared with the corresponding gas–phase cluster. Conversely, the binding 
energies to graphene of the hydrogenated clusters are 0.00 eV and 0.98 eV for the 
face–on and the edge–on configurations as compared with 1.14 eV and 1.39 eV for 
the clean clusters. That is, the binding energy of Pt4 to graphene is greatly lowered by 
hydrogenation. 
For supported Ni4, the face–on and edge–on hydrogenated configurations are different 
in energy by only 0.09 eV. In each of these configurations, the hydrogenation–
induced changes in the localised charge on graphene and hydrogen is small compared 
with what I find for Pt4 above. The hydrogen adsorption energies are decreases 
slightly to 0.36 eV and 0.68 eV compared with the 0.78 eV for the gas phase Ni4 
cluster. Conversely, the binding energies of Ni4 to graphene also decrease slightly 
from 1.79 eV (face–on configuration) and 1.56 eV (edge–on configuration) for the 
clean clusters to 1.36 eV (face–on configuration) and 1.45 eV (edge–on configuration) 
for the hydrogenated clusters. Thus, in both Pt4 and Ni4, hydrogen adsorption energy 
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is decreased by supporting the cluster on graphene and the binding energy of the 
cluster to graphene is decreased by hydrogenation. 
For each mixed–cluster composition, I find both chemisorbed and physisorbed states. 
Chemisorption energies range from 1.35 eV to 0.88 eV, whereas the physisorption 
energies range from 0.50 eV to 0.87 eV. Although I found a number of stable 
adsorbed states with varying hydrogen adsorption energies for each composition, the 
trends in these results can be understood relatively easily. As noted above, 
chemisorption occurs when hydrogen is bound to Pt, except for two configuration of 
PtNi3, and physisorption occurs when the hydrogen is bound to Ni. For the 
chemisorbed states, the results show that the hydrogen adsorption energy for each 
supported cluster is less than that for the corresponding gas phase cluster, as I have 
discussed for Pt4 above. In each case, I find that the localised charges on Pt or 
graphene or both are decreased relative to the clean supported cluster, again because 
hydrogenation decreases the intra–cluster binding or the cluster–graphene binding, as 
in the Pt4 and Ni4 clusters discussed above. 
For physisorption, on the other hand, the results show that the hydrogen adsorption 
energy for the supported cluster is generally slightly higher than the value for the 
corresponding gas–phase cluster. This is true for all cases of physisorption on Ni, but 
not true for the two cases of physisorption on Pt. When hydrogen is physisorbed on Ni, 
the changes in the localised charges on Pt and graphene are much smaller than for 
chemisorption. In particular, the change in the Pt–localised charges is small. A typical 
example is Pt2Ni2 adsorbed in the edge–on configuration through a Pt–Ni edge. With 
the hydrogen adsorbed at Ni (H–H distance equals 0.86 Å), the changes in the charge 
densities on Pt and graphene due to hydrogenation are 0.048 ( Pt
H
Pt   ) and  
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–0.002 (
C
H
C   ). For the same binding configuration to graphene but 
chemisorption at Pt (H–H distance equals 1.83 Å), the corresponding charge densities 
changes have the considerably larger value of –0.212 ( Pt
H
Pt   ) and –0.168 
( Pt
H
Pt   ). 
When hydrogen is physisorbed on Pt, the Pt–localised charges are much larger than 
that in physisorption on Ni. For physisorption at the Pt atom in the face–on PtNi3 
configuration bound to graphene through the Ni3 face, the change in the Pt–localised 
charge is –0.202. Similarly, for physisorption at a Pt atom for the edge–on PtNi3 
configuration bound to graphene through a Ni–Ni edge, the Pt–localised charge is        
–0.198. These values are comparable to those found in the chemisorbed clusters. In all 
cases of physisorption, on both Ni and Pt atoms, the charge transferred to hydrogen 
during adsorption is much smaller than the chemisorption cases. However, if I 
compare physisorption on supported clusters with physisorption on gas phase clusters, 
I find that the charge transfer to hydrogen is larger for the supported clusters than for 
the corresponding gas phase clusters. For physisorption at Ni, this charge transfer 
determines, to a large extend, the change in the hydrogen adsorption energy, since the 
localised charges on graphene and Pt atoms do not change significantly during 
adsorption. Thus, I can rationalise the slightly larger adsorption energies for 
physisorption on Ni atoms in the supported cluster compared to the gas phase cluster 
to be the result of this slightly greater amount of charge transfer to hydrogen. 
For the two cases of physisorption on Pt, the charge transfer to hydrogen is also very 
small which is expected for physisorption. However, the large decrease in the Pt–
localised charge in the supported hydrogenated cluster compared with the supported 
clean cluster suggests that hydrogen adsorption results in significantly weaker intra–
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cluster bonding in these physisorption cases. Thus, the hydrogen adsorption energy is 
expected to be lower. Consistent with this reasoning, I find hydrogen adsorption 
energies of 0.50 eV and 0.68 eV for the face–on and edge–on configurations, 
respectively, as compared with the value of 0.87 eV for the PtNi3 gas phase cluster. I 
conclude that in general, hydrogen adsorption energies on the Pt atom of supported 
mixed clusters are lower than for the gas phase clusters and that the reverse holds for 
hydrogen adsorption on the Ni atom. 
The range of hydrogen adsorption energy that results from mixed clusters is rather 
large, and depends upon the composition largely through the elemental identity of 
sites available for hydrogen adsorption. The nature of the adsorbed hydrogen also 
ranges from dissociated atoms for Pt4 to molecularly adsorbed hydrogen for Ni4, and 
the H–H distance for the mixed clusters reflects this. Thus, the results suggest that the 
adsorption energetics and the nature of the adsorbed hydrogen on the surface of a 
mixed cluster depend strongly upon composition. The results in Table 3.4 show that 
for each cluster composition, the binding energy of the hydrogenated clusters to 
graphene is correlated to the number of Ni atoms through which the cluster is bound 
to graphene. This is consistent with the binding energies of the clean cluster to 
graphene and, as I have discussed above, can be understood because Ni binds more 
strongly to graphene than Pt does. 
It is interesting to note that the lowest energy state for a supported hydrogenated PtNi3 
cluster is in a physisorption state rather than a chemisorption state. I note that the 
lowest energy adsorbed state is not necessarily the one with the largest hydrogen 
adsorption energy, since for each configuration, the adsorption energy is calculated 
with respect to the corresponding configuration of the supported clean cluster and the 
latter do not have the same energy. For PtNi3, in particular, it turns out that the lowest 
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energy state, with physisorption at a Pt atom, has the smallest hydrogen adsorption 
energy. I also find that it is not necessarily the case that the most stable supported 
clean cluster and the most stable supported hydrogenated cluster of the same 
composition have the same binding configuration to graphene. This is the case for 
Pt2Ni2, where the most stable supported clean cluster is bond face–on through a PtNi2 
face, where as the most stable supported hydrogenated cluster is bound edge–on 
through a Ni–Ni edge. I also did not find energy minima for face–on supported 
hydrogenated Pt3Ni and Pt2Ni2 clusters, although for these compositions, the clean 
and supported configuration are metastable. Therefore, hydrogenation of supported 
clusters can result in a change in the binding configuration to the graphene support. 
3.3  Conclusion 
In this chapter, gas–phase and graphene–supported Pt4–nNin clusters have been studied 
and  results for hydrogen–adsorption energy, the binding energy of the clean and 
hydrogenated clusters to graphene, and their stability toward segregation are 
summarised, and the variation of these quantities with respect to composition and 
binding configuration to graphene have been discussed. The results show that these 
are significantly dependent upon cluster composition and upon the way the cluster is 
bound to graphene. Hydrogen can either chemisorb or physisorb on these clusters, 
with a large Pt fraction generally leading to chemisorption and a larger Ni fraction 
leading to physisorption. In the case of the graphene–supported clusters, for each 
composition, there are a few different configurations of the hydrogenated cluster, 
depending upon the binding configuration of the cluster to graphene and the elemental 
identity of the hydrogen adsorption site. In the chemisorption cases, the hydrogen 
adsorption energy is decreased by the graphene support relative to the gas–phase 
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cluster, whereas physisorption energies increase slightly relative to the values for gas 
phase clusters. 
Since the predominance of chemisorption or physisorption depends upon the 
composition of the cluster, the results suggest the possibility of tuning the hydrogen 
adsorption energy of mixed clusters and, through this, the catalytic reactivity. The 
binding of the cluster to the graphene support can occur with the cluster bound either 
face–on or edge–on and through different combinations of Pt and Ni atoms. I find that 
the binding energy to graphene depends upon composition, generally increases when 
number of Ni atoms through which it binds to graphene increases. I correlate the 
energetics to the localised charge density changes that occur upon hydrogen 
adsorption and binding to graphene. In particular, the trends in hydrogen adsorption 
energies can be rationalised in terms of these charge density changes. The results also 
show that changes in the intra–cluster bond strength, which is maximised at 
intermediate composition, occur upon binding to graphene and upon hydrogen 
adsorption. These are significant enough to play an important role in influencing the 
variation in the hydrogen adsorption energies with composition. 
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Chapter 4 Adsorption of Molecular Oxygen, Oxides, and Hydroxides 
on Mixed Platinum and Nickel Clusters 
4.1 Introduction 
Oxygen reduction reaction is one of the important reactions which are widely studied 
by various groups due to its potential application in heterogeneous catalysis especially 
in proton exchange membrane fuel cells. Experimental work has shown that various 
oxygen–containing intermediates are present on the platinum catalyst surface1–10. 
Studies with infrared spectroscopy showed that both peroxo and superoxo 
intermediates are present and the composition is affected by the temperature of the 
system
11,12
. Further studies with high–resolution electron energy loss spectroscopy 
(HREELS) revealed that adsorption of oxide is also present on the platinum surface
13
. 
Thus, understanding the adsorption energetics of the oxygen–containing species is 
key to learn more about the oxygen reduction reaction pathways.  
Various groups have worked on this model, and many have carried out theoretical 
studies
14,15
 on the interaction between oxygen atoms and platinum surfaces or small 
platinum clusters. Some have also extended their work on platinum alloy surfaces or 
small platinum alloy clusters. However, little is known about the interaction of 
oxygen–containing species with small platinum alloy clusters. In this work, I carried 
out a more comprehensive study on the adsorption energetics of these oxygen–
containing intermediates, such as superoxo, peroxo, oxide and hydroxide, on mixed 
Pt4–nNin nano–clusters to learn how the cluster composition and electron transfer 
affect the interaction between these oxygen containing species with the nano–clusters.  
Chapter 4 Adsorption of Oxygen–Containing Species 
53 
 
4.2 Results and Discussion 
4.2.1 Adsorption of molecular oxygen 
In this section, I first examine how oxygen binds to the unsupported pure or mixed 
metal clusters and determine how binding configuration, coordinating metal identity 
and cluster composition affect the relative stability of the system. The relative 
stability is compared based on the adsorption energy, Eads, of the oxygen to the metal 
clusters, which is calculated as the difference between the energy of the cluster with a 
free oxygen molecule (Eo2,free) and the energy of the cluster with adsorbed oxygen 
(EO2,ads), as shown, Eads = EO2,free – EO2,ads. Hence, a more positive Eads value indicates 
that the whole system becomes more stable upon adsorption. Oxygen molecules can 
be adsorbed on the mixed metal cluster in three ways, namely, (a) superoxo binding 
on one metal atom
16,17
, (b) peroxo binding on one metal atom and (c) peroxo binding 
through two metal atoms
16–18
. These three binding configurations are illustrated in 
Figure 4.1.  
 
Figure 4.1 Three different configurations of oxygenated metal clusters, (a) superoxo 
binding on one metal atom; and (b) peroxo binding on one metal atom; and (c) peroxo 
binding through two metal atoms. 
 
In the subsequent discussions, I will refer them as configuration a, b, or c, 
respectively. First, studies are carried out to examine the relative stability of these 
(c) (b) (a) 
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three configurations with Pt4 and Ni4 clusters. The adsorption energy (Eads), total 
number of electrons transferred from metal cluster to oxygen (∆ρ), oxygen–oxygen 
bond length (lO–O) and the distance between coordinating metal and the coordinating 
oxygen atom (lM–O) were calculated and shown in Table 4.1. 
Table 4.1 Gas Phase Oxygenated Pt4 and Ni4 clusters. 
cluster configuration Eads / eV ∆ρ lO–O / Å  lM–O / Å  
Pt4 
a 1.80 0.342 1.29 1.89 
b 2.14 0.508 1.38 1.98, 2.09 
c 2.02 0.572 1.41 2.00, 2.00 
Ni4 
a 1.72 0.601 1.31 1.75 
b 2.14 0.690 1.38 1.86, 1.87 
c 2.64 0.936 1.44 1.80, 1.81 
 
In general, the superoxo binding configuration, a, is the least stable when oxygen 
molecules are adsorbed on both gas phase Pt4 and Ni4 clusters. In this configuration, 
only one bond is formed, and electron transfer between the metal cluster to the 
oxygen adsorbate is the least. As a result, the bond distance between the two oxygen 
atoms is the shortest amongst the three different configurations at 1.30 Å  for 
adsorption on Pt4 cluster and 1.31 Å  for that of Ni4 cluster. The oxygen–oxygen 
distance in the adsorbed dioxygen species is similar to bond distance between the two 
oxygen atoms in a superoxide anion, which is 1.33 Å and they are also significantly 
longer than that of the oxygen molecule which is 1.21 Å. This suggests that the 
oxygen molecule has been reduced to form a superoxo species and the bond order has 
been changed from 2 to 1.5 during the adsorption as charge is transferred into the 
anti–bonding orbital of the oxygen molecule. The energy required for the change of 
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the bond order is compensated by bond formation to the metal atom. The greater the 
amount of charge transferred, the stronger is the bond formed between the metal atom 
and the superoxo species. Thus, it contributes to the greater stability of adsorbed 
species. 
The adsorption between the dioxygen and metal cluster in peroxo configurations, b 
and c, are stronger than that of the superoxo configuration, a, as there is greater 
number of bonds formed between the dioxygen species and the metal cluster. 
Furthermore it is also observed that the amount of electrons transferred from the metal 
clusters to the dioxygen species is much greater in the case of peroxo binding 
configuration b and c, thus the bond order of O–O bond is reduced further since there 
are more electrons in the anti–bonding orbitals of oxygen. The bond distance between 
the two oxygen atoms is 1.38 Å in the configuration b and further increased to 1.41 Å 
to 1.44 Å in the configuration c, for Pt4 and Ni4 clusters respectively. This is 
consistent with the observation that greater transfer of electrons to the dioxygen 
species leads to a greater weakening of the O–O bond.  
The total number of electrons transferred from the metal cluster to the dioxygen 
species in configuration b and c is greater than that of a, hence the number of 
electrons between the metal atom and the bonding oxygen atom is actually smaller in 
the configuration b and c. This leads to weaker bonds formed between the metal 
cluster and oxygen atom, since I also observed that the bond distance between metal 
atom and the oxygen atom is shortest in configuration a as shown in Table 4.1. 
When the relative stability of the two peroxo configurations, b and c is compared, 
oxygen prefers configuration b when it is adsorbed on the Pt4 cluster but it prefers 
configuration c when it is adsorbed on the Ni4 cluster. This is evident from the Eads 
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calculated shown in Table 4.1. For the Ni4 cluster, configuration c is more stable than 
the configuration b by 0.50 eV and it is consistent with the observation that the greater 
number of electron transfer is, and the more stable the configuration is, since the 
transfer of electrons between the cluster to the oxygen for the configuration c is 0.246 
more than that of the configuration b. However, this correlation between the number 
of electron transfer and the adsorption energy is not observed in the oxygenated Pt4 
cluster. For the Pt4 clusters, configuration b is higher in energy than configuration c 
by 0.12 eV, but the number of electrons transferred is 0.064 less. This unexpected 
result might be caused by the weakening of the intra–cluster bonding due to excessive 
electron transfer out of the metal cluster. The impact of the weakening of the intra–
cluster bonding will be further studied later in the mixed metal cluster. 
To analyse the effect of the cluster composition and binding preference of the oxygen, 
studies of the adsorption of oxygen on the mixed Pt4–xNix clusters were carried out. 
When oxygen molecules absorbed on the metal cluster, in the configuration a and b, it 
can bind on either Pt or Ni atom. To differentiate these two possibilities, I name these 
configurations as a(Pt) and a(Ni) respectively. In the configuration c, oxygen can bind 
to two Pt atoms, one pair of Pt and Ni atoms or two Ni atoms. To differentiate these 
three cases, I name these configurations as c(PtPt), c(PtNi) and c(NiNi), respectively. 
The adsorption energy (Eads), oxygen–oxygen bond length (lO–O), the change in the 
localised electron density on Pt atoms in an oxygenated cluster as compared to 
individual Pt atoms (
O
Pt ), and total number of electrons transferred from metal 
cluster to oxygen ( O ), were calculated and are shown in Table 2. For easier 
referencing, the change in the localised electron density on Pt atoms when oxygen is 
adsorbed on the gas phase cluster, (
O
Pt  – Pt  ), is also tabulated. 
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Table 4.2 Gas Phase Oxygenated Mixed Pt4–nNin Clusters 
cluster 
composition 
configura
tion 
Eads / eV lO–O / Å  lM–O / Å  O
Pt  
O
Pt  –
Pt  
O  
Pt3Ni 
a(Pt) 1.46 1.30 1.92 0.158 –0.387 0.390 
a(Ni) 1.34 1.29 1.71 0.240 –0.302 0.455 
b(Pt) 1.45 1.37 1.97, 2.14 –0.067 –0.609 0.496 
b(Ni) 1.75 1.36 1.80, 1.85 0.211 –0.331 0.571 
c(PtPt) 1.67 1.39 2.04, 2.04 –0.078 –0.620 0.568 
c(PtNi) 1.89 1.41 1.98, 1.84 0.025 –0.517 0.670 
Pt2Ni2 
a(Ni) 1.43 1.30 1.74 0.597 –0.254 0.477 
b(Pt) 1.50 1.35 2.01, 2.25 0.241 –0.610 0.453 
b(Ni) 1.55 1.36 1.79, 1.89 0.454 –0.397 0.605 
c(PtPt) 1.06 1.39 2.01, 2.01 –0.188 –1.039 0.602 
c(PtNi) 1.91 1.40 2.04, 1.85 0.372 –0.479 0.672 
c(NiNi) 2.26 1.42 1.82, 1.82 0.480 –0.370 0.849 
PtNi3 
a(Pt) 1.10 1.31 2.00 0.133 –0.563 0.470 
b(Pt) 1.20 1.36 2.07, 2.16 –0.113 –0.809 0.524 
b(Ni) 2.03 1.37 1.81, 1.93 0.489 –0.207 0.658 
c(PtNi) 1.67 1.42 2.02, 1.82 –0.008 –0.704 0.763 
c(NiNi) 2.58 1.43 1.82, 1.82 0.512 –0.184 0.854 
 
From these data, I observe that configuration a for all mixed cluster is the least stable 
as compared to configurations b and c when a oxygen molecule is adsorbed on the 
same element. This is consistent with the observation in the pure Pt4 and Ni4 clusters. 
I tried to determine the structures of all possible configurations, meaning the different 
coordination configuration and different elemental identity of the coordinating atom. 
Configuration a with oxygen bonded to Pt in the Pt2Ni2 cluster and with oxygen 
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bonded to Ni in the PtNi3 cluster cannot be located in this work and it suggests that 
both structures are unstable.  There is, however, an exception. I can observe that 
configuration c(PtPt) is less stable than the configuration a(Ni) of an oxygenated 
Pt2Ni2 cluster by 0.37 eV. This is not inconsistent with my statement above if I 
qualify that in general coordination configuration a is least stable if the elemental 
identity of the coordinating atom/atoms are the same. The O–O distance of 
configuration a is between 1.29 Å and 1.31 Å, regardless of the identity of the 
element that oxygen is bonded to. This suggests that similar to absorbing onto the 
pure Pt4 and Ni4 cluster, the dioxygen species has been reduced from molecular 
oxygen to superoxo species upon adsorption on the mixed metal cluster. Since I was 
not able to locate the local minimum corresponding to the configuration a(Pt) of 
Pt2Ni2 cluster and a(Ni) of the PtNi3 cluster, it is not possible to identity the 
preference of oxygen adsorption in terms of the elemental identity of the coordinating 
atom for configuration a. 
The composition of the cluster also affects the stability of the configuration a. When 
the composition of Ni in the cluster increases, the adsorption energies of the 
configuration a(Pt) decreases, from 1.64 eV in Pt4 cluster, 1.46 eV in Pt3Ni cluster to 
1.10 eV in PtNi3 cluster. This is accompanied by an increase in the number of 
electrons transferred to the dioxygen species, from 0.317 in Pt4 cluster, 0.390 in Pt3Ni 
cluster to 0.470 in PtNi3 cluster. This increase in the electron transfer has little impact 
on the oxygen–oxygen bond strength in the dioxygen species since there is little 
change in the bond distance. However, the platinum–oxygen bond distance increases 
more significantly, when the composition of Ni in the cluster increases, from 1.89 Å 
in Pt4 cluster, 1.92 Å in Pt3Ni cluster to 2.00 Å in PtNi3 cluster, which suggests a 
weakening of the platinum–oxygen bond due to more electrons have been transferred 
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into the dioxygen species and there is a smaller electron density between the platinum 
and oxygen atoms. At the same time, the intra–cluster binding is also weakened since 
there is a reduction in the intra–cluster electron transfer which is correlated to 
O
Pt  –
Pt  as I have discussed in Chapter 3. On the other hand, however, the adsorption 
energy of the configuration a(Ni) increases when the composition of Ni increases in 
the cluster, from 1.34 eV in PtNi3 cluster, 1.43 eV in Pt2Ni2 cluster to 1.72 eV in PtNi3 
cluster. This increase correlates to an increase in the number of electrons transferred 
from the cluster to the dioxygen species which increases from 0.455 in Pt3Ni cluster, 
0.477 in Pt2Ni2 cluster to 0.936 in the Ni4 cluster. The increasing charge transfer 
weakens the metal–oxygen bond thus lower the relative stability of the clusters, which 
in turn, suggests that the metal–oxygen bond energy has little contribution to the 
overall stability of the oxygenated metal cluster since the stability increases with 
increasing Ni composition. This leads me to analyse the intra–cluster binding again, 
as I have done in Chapter 3. Indeed, the 
O
Pt  increases with increasing Ni 
composition from 0.158 in Pt3Ni to 0.597 in Pt2Ni2, which suggests that there is a 
stronger intra–cluster binding when the Ni composition in the cluster increases and 
this effect outweighs the decrease in the metal–oxygen bond strength.  
For the configuration b of the oxygenated cluster for each composition, adsorption on 
Ni atom is clearly preferred, and the configuration b(Ni) is more stable than b(Pt) by 
0.30 eV, 0.05 eV and 0.83 eV for Pt3Ni, Pt2Ni2 and PtNi3 clusters, respectively. This 
is due to stronger binding between the metal and oxygen as well as the stronger intra–
cluster binding because I observe that there is an increase in both the electron transfer 
to the dioxygen species and the greater localised electron density in the Pt atom of an 
oxygenated cluster, 
O
Pt . Similarly for the configuration c, with the same 
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composition, adsorption through greater number of Ni is preferred. This is evident 
from the oxygenated Pt2Ni2 cluster, where adsorption energies, Eads, are 1.06 eV, 1.91 
eV and 2.26 eV when the oxygen is bonded through two Pt atoms, a pair of Pt and Ni 
atoms and two Ni atoms, respectively. The increase in the adsorption energy and 
stability can be similarly explained by the increase in the electron transfer to the 
dioxygen species and the stronger intra–cluster binding. 
Similar to configuration a of the oxygenated clusters, for configuration b and c, an 
increase in Ni composition in the cluster leads to a decrease in the adsorption energy 
when the dioxygen species is bonded to Pt atom/atoms or an increase in the 
adsorption when the dioxygen species is bonded to Ni atom/atoms. In all these cases, 
it has been observed that the intra–cluster binding plays a more significant role in 
determining the stable configuration. An interesting observation in this study is that 
the adsorption energy increases slightly first and then decreases more significantly 
when the dioxygen species is bonded through a pair of Pt and Ni atom in the 
configuration c(PtNi) as the composition of Ni increases. This trend parallels the 
change in the localised electron density of Pt atom, and thus the intra–cluster binding. 
In conclusion, the intra–cluster binding plays a significant role in determining the 
relative stability of the gas phase oxygenated cluster. The general trend is that peroxo 
adsorption through greater number of Ni atoms in configuration c is preferred. This 
indicates that peroxo species is preferentially formed thermodynamically when an 
oxygen molecule is adsorbed onto a mixed metal cluster. This also supports the idea 
that the peroxo species is one of the key intermediates in the catalytic oxygen 
reduction reaction. 
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The study of supported oxygenated clusters is more complicated since the cluster can 
bind to the graphene in either face–on or edge–on orientation while the oxygen can 
adsorb on the cluster in three different configurations as illustrated in Figure 4.1. First 
I will analyse the impact of the cluster orientation on the graphene and the oxygen 
adsorption configuration on the cluster with Pt4 and Ni4 clusters. I will then discuss 
the impact of the identity of the elements. The adsorption energies (Eads), oxygen–
oxygen distance (lO–O), metal–oxygen distance (lM–O), electron transfer to the 
graphene (
O
C ) and electron transfer to the dioxygen species ( O ) of both 
graphene supported oxygenated Pt4 and Ni4 clusters are tabulated in Table 4.3.  
Even though I tried to locate all different configurations, three possible configurations 
cannot be located. For the Pt4 cluster, the structure with oxygen adsorbed on a face–on 
cluster in configuration b is unstable since the cluster orientation changes from face–
on to edge–on during the optimisation process to give the most stable structure for this 
composition. However, on the other hand, structures with oxygen adsorbed in 
configuration a on both face–on and edge–on Ni4 cluster are also unstable as the 
configuration a is the least stable configuration for the adsorption of oxygen on Ni4 
clusters as shown in the previous study on the gas phase Pt4 and Ni4 clusters. 
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Table 4.3 Graphene Supported Oxygenated Pt4 and Ni4 Clusters. 
Cluster 
composition 
Binding 
orientation on 
graphene 
Oxygen 
adsorption 
configuration 
Eads  / eV lO–O / Å  lM–O / Å  
O
C  O  
Pt4 face–on a 1.07 1.30 1.95 0.220 0.374 
 face–on c 1.23 1.38 2.04, 2.04 0.138 0.594 
 edge–on a 1.59 1.30 1.95 –0.009 0.422 
 edge–on b 1.81 1.35 2.02, 2.09 –0.020 0.486 
 edge–on c 1.33 1.37 2.06, 2.06 0.041 0.567 
Ni4 face–on b 1.49 1.36 1.87, 1.94 0.689 0.691 
 face–on c 2.07 1.43 1.81, 1.82 0.630 0.918 
 edge–on b 1.68 1.38 1.88. 1.89 0.382 0.754 
 edge–on c 1.93 1.43 1.80, 1.82 0.405 0.896 
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Consistent with gas phase clusters, oxygen adsorption configuration a is the least 
stable configuration for both Pt4 and Ni4 clusters. The oxygen–oxygen distance 
increases slight from 1.29 Å when adsorbed on the gas phase cluster to 1.30 Å when it 
is adsorbed on supported cluster Pt4 cluster in both face–on and edge–on orientation. 
This increase in the bond length is accompanied by an increase in the electron transfer 
to the dioxygen species from 0.342 in the gas phase structure to 0.374 and 0.722 in 
the face–on and edge–on supported structures. This shows that more electrons have 
been transferred into the anti–bonding orbitals of the dioxygen species thus the bond 
has been weakened further when there is a graphene support. However, the adsorption 
energies of the supported clusters are actually smaller than that of the gas phase. This 
is due to the weakening of the intra–cluster binding since there are less electrons 
remaining in the cluster upon adsorption. Furthermore, there is also less electron 
transfer between the metal cluster to graphene upon adsorption. In the face–on 
supported Pt4 cluster, the electrons transfer to the graphene reduced from 0.256 to 
0.220 upon adsorption of oxygen in configuration a. Interestingly, reduction in the 
electron transfer in the edge–on supported Pt4 cluster is also observed and furthermore, 
there is net transfer of electron from the graphene to the metal cluster. This suggests 
that the binding between the metal cluster to the graphene support is also weakened 
upon adsorption of oxygen. This explains the lowering of the adsorption energy 
because upon adsorption, intra–cluster binding and the binding between the metal 
cluster and the support is weakened.  
Peroxo binding of oxygen to the metal cluster in configuration b and c is also 
observed in both supported Pt4 and Ni4 cluster and it is generally stronger than that of 
superoxo binding. Similar to the gas phase clusters, configuration b is preferred to 
configuration c in Pt4 cluster and configuration c is preferred to configuration b in Ni4 
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cluster. For example, in the edge–on supported Pt4 cluster, the configuration b is more 
stable than configuration c by 0.48 eV. In the Ni4 cluster, however, the configuration c 
is more stable than the configuration b by 0.58 eV and 0.25 eV when the cluster is 
supported in the face–on and edge–on orientation respectively. These results suggest 
that the graphene does affect the overall adsorption energies by changing the amount 
of electron transfer between the cluster and the dixoygen species but the preferred 
coordination mode of the dioxygen species to the metal cluster is not affected much. 
The cluster composition and the elemental identity of the coordination atom/atoms 
play a major role instead. 
In order to have a more comprehensive study of the effect of cluster composition and 
the preferred coordination mode, I have searched for all possible structure of 
oxygenated cluster with different binding mode to the graphene support and 
coordination configuration with the dioxygen.  The result is tabulated in Table 4.4.  In 
this table, the data is sorted according to the binding orientation of the cluster on the 
graphene so that I can easily compare the different oxygen adsorption configuration 
when the cluster is bound to the graphene in the same way. 
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Table 4.4 Supported oxygenated mixed Pt4–nNin clusters 
Cluster 
composition 
Binding 
orientation on 
graphene 
Oxygen 
adsorption 
configuration 
Eads  / eV lO–O / Å  lM–O / Å  
O
C  O  
Pt3Ni face–on(Pt2Ni) a(Pt) 1.29 1.30 1.97 0.355 0.386 
 face–on(Pt2Ni) c(PtNi) 1.66 1.39 2.00, 1.84 0.226 0.706 
 face–on(Pt3) a(Ni) 0.54 1.30 1.74 0.228 0.466 
 edge–on(Pt2) a(Pt) 1.02 1.30 1.99 0.079 0.405 
 edge–on(Pt2) a(Ni) 1.55 1.30 1.72 0.007 0.531 
 edge–on(Pt2) b(Pt) 1.26 1.37 1.98, 2.17 0.023 0.547 
 edge–on(Pt2) b(Ni) 2.01 1.35 1.83, 1.83 0.010 0.614 
 edge–on(Pt2) c(PtNi) 1.65 1.40 2.01, 1.82 0.063 0.737 
 edge–on(PtNi) a(Pt) 1.74 1.30 1.94 0.111 0.440 
 edge–on(PtNi) b(Pt) 1.95 1.35 2.03, 2.10 0.127 0.523 
 edge–on(PtNi) c(Pt2) 1.46 1.36 2.07, 2.08 0.181 0.532 
To be continued on the next page ... 
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Cluster 
composition 
Binding 
orientation on 
graphene 
Oxygen 
adsorption 
configuration 
Eads  / eV lO–O / Å  lM–O / Å  
O
C  O  
Pt2Ni2 face–on(PtNi2) a(Pt) 1.25 1.30 1.98 0.532 0.381 
 face–on (PtNi2) c(Pt2) 1.15 1.37 2.02, 2.10 0.545 0.561 
 face–on (PtNi2) c(PtNi) 1.65 1.39 1.84, 2.00 0.396 0.699 
 face–on (Pt2Ni) a(Ni) 0.60 1.30 1.75 0.377 0.487 
 face–on (Pt2Ni) c(Ni2) 1.43 1.41 1.78, 1.81 0.223 0.845 
 edge–on(Pt2) a(Ni) 0.66 1.30 1.74 0.091 0.529 
 edge–on (Pt2) b(Ni) 1.13 1.36 1.82, 1.87 0.066 0.655 
 edge–on (Pt2) c(Ni2) 1.48 1.41 1.80, 1.80 0.074 0.850 
 edge–on (PtNi) a(Pt) 0.90 1.31 1.96 0.183 0.477 
 edge–on (PtNi) a(Ni) 1.51 1.30 1.70 0.144 0.565 
 edge–on (PtNi) b(Pt) 1.02 1.37 2.06, 2.10 0.176 0.587 
 edge–on (PtNi) b(Ni) 1.92 1.36 1.80, 1.87 0.184 0.628 
 edge–on (Ni2) a(Pt) 1.56 1.30 1.90 0.249 0.449 
 edge–on (Ni2) b(Pt) 1.74 1.34 1.99, 2.24 0.296 0.485 
 edge–on (Ni2) c(Pt2) 1.00 1.34 2.11, 2.11 0.340 0.533 
To be continued on the next page... 
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Cluster 
composition 
Binding 
orientation on 
graphene 
Oxygen 
adsorption 
configuration 
Eads  / eV lO–O / Å  lM–O / Å  
O
C  O  
PtNi3 face–on(Ni3) a(Pt) 0.73 1.30 1.98 0.723 0.391 
 face–on(Ni3) c(PtNi) 1.20 1.38 2.01, 1.84 0.640 0.690 
 face–on(PtNi2) a(Ni) 0.29 1.30 1.75 0.142 0.740 
 face–on(PtNi2) c(PtNi) 0.51 1.40 2.04, 1.81   
 face–on(PtNi2) c(Ni2) 1.32 1.42 1.97, 2.01 0.240 0.846 
 edge–on(PtNi) a(Ni) 0.31 1.30 1.75 0.223 0.553 
 edge–on(PtNi) b(Ni) 0.64 1.37 1.82, 1.86 0.200 0.700 
 edge–on(PtNi) c(Ni2) 1.03 1.43 1.80, 1.81 0.210 0.888 
 edge–on(Ni2) a(Pt) 0.43 1.31 1.97 0.330 0.498 
 edge–on(Ni2) a(Ni) 1.06 1.30 1.71 0.292 0.579 
 edge–on(Ni2) b(Pt) 0.52 1.37 2.00, 2.16 0.336 0.607 
 edge–on(Ni2) b(Ni) 1.43 1.36 1.81, 1.87 0.332 0.650 
 edge–on(Ni2) c(PtNi) 0.64 1.39 2.05, 1.82 0.397 0.734 
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From the results, I observe that peroxo binding adsorption configuration a is the 
weakest due to least number of metal–oxygen bond is formed in the process, and there 
is the smallest amount of electrons transfer from the cluster to the dioxygen species. 
This suggests that direct reduction of oxygen to peroxo occurred when oxygen 
molecule is adsorbed on the metal cluster, regardless of the cluster composition or the 
presence of a support. Hence, in the future discussions, especially in terms of the 
oxygen reduction reaction pathways, the formation of superoxo complex could be 
ignore. 
When oxygen is adsorbed in configuration a, oxygen–oxygen distance does not 
change much and ranges from 1.30 Å to 1.31 Å. There is a clear correlation between 
the electron transfer to the dioxygen species and the oxygen–oxygen distance. In the 
case when the oxygen–oxygen is highest at 1.31 Å, the electron transfer is also the 
greatest at 0.477 and 0.498 for edge–on Pt2Ni2 and PtNi3 cluster, respectively. The 
metal–oxygen distance ranges from 1.90 Å to 1.99 Å when it is bonded on a Pt atom 
or from 1.70 Å to 1.75 Å when it is bonded on a Ni atom. This suggests that the 
oxygen has a greater preference towards Ni when it bonded to the metal cluster and 
this could be illustrated with adsorption energies. Binding on Ni atom is more stable 
than that of Ni by 0.61 eV for the edge–on Pt2Ni2 cluster through a pair of Pt and Ni 
atom and 0.63 eV for the edge–on PtNi3 cluster through two Ni atoms.  
For the peroxo configuration b, the oxygen–oxygen distance ranges from 1.34 Å to 
1.37 Å and for the configuration c, it ranges from 1.34 Å to 1.43 Å. Similar 
relationship between the electron transfer to the oxygen and oxygen–oxygen distance 
is observed. More importantly, I have also observed in configuration c, when oxygen 
is bonded through more Ni atoms, more electrons will be transferred to the dioxygen 
species and the oxygen–oxygen bond will be greater. For example, when oxygen is 
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bonded through two Pt atoms, the oxygen–oxygen distance ranges from 1.34 Å to 
1.37 Å and the electron transfer ranges from 0.532 to 0.561. When oxygen is bonded 
through a pair of Pt and Ni atom, the oxygen–oxygen distance ranges from 1.38 Å to 
1.40 Å and the electron transfer ranges from 0.690 to 0.737. Similarly when the 
oxygen is bonded through two Ni atoms, the oxygen–oxygen distance ranges from 
1.41 Å to 1.43 Å and the electron transfer ranges from 0.845 to 0.888. When compare 
in terms of adsorption energies, similar trend is also observed that oxygen prefers to 
bind through more Ni atoms. 
The overall Ni composition in the cluster also affects the adsorption energies of the 
dioxygen species. In general, the adsorption decreases with increasing Ni composition 
in the cluster. Let me illustrate using configuration b with oxygen binds on a Pt atom 
as an example. The adsorption energy is 1.74 eV in edge–on Pt2Ni2 cluster through 
two Ni atoms but it reduces to 0.52 eV in a PtNi3 cluster with similar binding with 
graphene. Similarly the adsorption energy is also reduced from 1.95 eV in the Pt3Ni 
cluster to 1.02 eV in the Pt2Ni2 cluster with both having an edge–on binding to 
graphene through a pair of Pt and Ni atom. Similar trends have been observed in all 
oxygen adsorption configurations. This suggests that even though oxygen prefers to 
bind on a Ni atom rather than on a Pt atom in a mixed transition metal cluster, and 
with a higher composition of Ni, this preference decreases. 
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4.2.2 Adsorption of oxides 
Adsorbed atomic oxygen or also known Oxides (O
2–
) is one important stable 
intermediate in the oxygen reduction reaction.  It can be formed through two different 
pathways. First, direct reduction of an adsorbed peroxo species gives two oxide ions; 
second, reduction of an adsorbed peroxide ion give an oxide ion and a hydroxide ion. 
These two pathways are illustrated in Figure 4.2 (a) and (b), respective.  
M
O O
M
O O
M
O
OH
M
O OH
(a)
(b)
 
Figure 4.2 Schematic diagram for the formation of oxide in the oxygen reduction 
reaction: (a) direct reduction of adsorbed peroxo; (b) reduction of an adsorbed 
peroxide ion. 
 
Oxygen atoms can adsorb onto the metal cluster in three different configurations, 
namely, a, binding to an atop atom
19
 (1–fold coordination); b, binding through an 
edge
2
 (2–fold coordination) or c, binding on a surface20–22 (3–fold coordination) as 
illustrated in Figure 4.3. All the possible configurations have been searched but some 
are unstable and thus could not be located. Since gas–phase oxide ions are not stable, 
I will not determine the adsorption energies of oxide ions. To evaluate the relative 
stabilities of the three different structures and the effect of the elemental identity of 
the coordinating atoms on the stabilities, the relative energies are computed with the 
most stable structure as the reference. The relative energies (Erel), the metal–oxygen 
bond distance (lM–O) and the electron transfer to the oxide of the stable structures are 
summarised in Table 4.5.  
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Figure 4.3 Three different coordination model of oxide on the metal cluster: (a) 
binding to an atop atom (1–fold coordination); (b), binding through an edge (2–fold 
coordination) and (c), binding on a surface (3–fold coordination). 
 
  
(a) (b) (c) 
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Table 4.5 Gas Phase Clusters with Oxide Adsorbed 
Cluster 
composition 
Configuration Erel / eV lM–O / Å O
Pt  O  
Pt4 a (Pt) 0.00 1.79 –0.546 0.546 
 b (Pt2) 0.71 1.94, 1.95 –0.606 0.606 
Pt3Ni a (Pt) 0.00 1.80 –0.046 0.570 
 a (Ni) 0.32 1.63 0.223 0.718 
 b (Pt2) 0.64 1.95, 1.95 –0.176 0.628 
 b (PtNi) 0.23 2.00, 1.79 –0.024 0.788 
 c (Pt3) 1.34 2.14, 1.93, 2.14 –0.143 0.604 
 c (Pt2Ni) 0.90 2.07, 2.05, 1.94 –0.031 0.706 
Pt2Ni2 a (Pt) 0.66 1.81 0.134 0.591 
 a (Ni) 0.75 1.64 0.512 0.742 
 b (Pt2) 1.33 1.99, 1.98 –0.084 0.692 
 b (PtNi) 0.67 2.00, 1.79 0.223 0.806 
 b (Ni2) 0.00 1.79, 1.79 0.535 0.921 
 c (Pt2Ni) 1.27 2.05, 2.07, 1.86 0.173 0.728 
PtNi3 a (Pt) 1.10 1.80 –0.228 0.651 
 a (Ni) 0.87 1.63 0.487 0.774 
 b (PtNi) 1.13 2.01, 1.77 –0.085 0.828 
 b (Ni2) 0.00 1.78, 1.78 0.515 0.945 
 c (Ni3) 0.12 1.88, 1.82, 1.88 0.509 0.961 
Ni4 a (Ni) 0.78 1.63 –– 0.819 
 b (Ni2) 0.00 1.79, 1.78 –– 0.971 
 c (Ni3) 0.05 1.90, 1.90, 1.90 –– 0.986 
 
For both Pt4 and Pt3Ni clusters, the most stable configuration is when the oxide is 
bonded to a single Pt atom, whereas for other clusters with more than two Ni atoms, 
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the most stable configuration located when the oxide is bonded through two Ni atoms. 
Interestingly, configuration c with 3–fold coordination is not as stable as the other two 
clusters in all compositions. Some are even meta–stable, such as coordinating through 
the Pt3 face in the Pt4 clusters, and coordinating through PtNi2 face in both Pt2Ni2 and 
PtNi3 clusters. Besides coordinating through Ni3 faces in both PtNi3 and Ni4 clusters, 
other structures with configuration c are less stable than the most stable structure of 
the respective composition by more than 0.90 eV. This shows that when oxide ions 
are bonded to the metal clusters, it will either form a 1–fold coordination with Pt atom 
or a 2–fold coordination with a pair of Ni atoms. Furthermore, with an increase in the 
Ni composition in the cluster, preferential coordination through a pair of Ni atoms is 
observed.  
I will then take a closer look at each of these three configurations. For configuration a, 
coordinating through Pt atom is preferred as compared to coordinating through Ni 
atom as observed in both Pt3Ni and Pt2Ni2 clusters. However, this difference gets 
smaller when the Ni composition increases. For example, configuration a(Pt) is more 
stable than configuration a(Ni) by 0.32 eV in the Pt3Ni cluster but this difference is 
reduced to 0.09 eV in the Pt2Ni2 cluster. When the Ni composition is further increased, 
configuration a (Ni) is more stable than the configuration a (Pt) by 0.23 eV in the 
PtNi3 cluster. This trend could also be explained in the change in the intra–cluster 
binding, since the difference between change in the localised charge on Pt atom for 
configuration a(Pt) and configuration a(Ni) increased drastically from 0.269 in the 
Pt3Ni cluster, 0.646 in the Pt2Ni2 cluster to 0.715 in the PtNi3 cluster, which shows an 
increase in the intra–cluster binding strength when it changes from configuration a(Pt) 
to configuration a(Ni). For both configuration b and c, the stability increases when the 
oxide coordinates through more Ni atoms. This is accompanied by an increase in the 
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electrons transferred to the oxide thus stronger bond is formed between the metal 
cluster and the oxide ion. For example, when oxide is adsorbed onto the Pt2Ni2 cluster 
through a 2–fold coordinating, the relative energies are 1.33 eV, 0.67 eV and 0.00 eV 
for coordinating through two Pt atoms, a pair of Pt and Ni atoms and two Ni atoms, 
respectively. The increase in the stability with coordinating through more Ni can be 
reasoned by the greater electron transfer from cluster to the oxide ion which allows 
stronger bonding between the metal cluster and oxide ion. Similarly, a greater change 
in the localised charge on Pt atom has also been observed which suggests a greater 
intra–cluster binding is achieved when the oxide ion coordinates through more Ni 
atoms. This suggested that in cluster with significant amount of Ni, the oxide ions 
have a greater affinity towards Ni atoms. The shift in the binding preference in terms 
of the elemental identity may help me to explain why the catalyst activities change 
when the composition of the elements changes.  
Once the coordination configuration of oxide on cluster is determined, I can then 
analyse the effect of the graphene support and the electron transfer on the adsorption 
energies.  All the possible combinations of binding orientation of the cluster to 
graphene and the oxide adsorption configurations have been searched and some 
proprieties of the stable structures have been tabulated in Table 4.6. The properties 
include the binding orientation of the cluster to the graphene including the binding 
atoms from the cluster, adsorption configuration including the coordinating atoms, the 
relative energies of the system with respect to the most stable configurations of the 
same composition, the metal–oxygen distance (lM–O) and the electron transfer to the 
graphene, to the oxide and intra–cluster electron transfer, which are denoted by  
O
C , 
O
Pt  and O , respectively. 
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Similar coordination preference is observed in the supported clusters. When the oxide 
is adsorbed on a Pt atom, configuration a is the preferred configuration. However, in 
the face–on supported cluster, the difference between configuration a and b is much 
less and some is about 0.01 eV. Coordination on the Ni atom is more complicated. 
Configuration b is preferred in the gas phase cluster when oxide is adsorbed on a Ni 
atom. This preference remains the same when the oxide adsorbs on a face–on 
supported cluster as what I can see that from the data that configuration b is more 
stable than configuration c by 0.10 eV in Ni4 cluster. When the oxide is adsorbed on n 
edge–on cluster, configuration c is preferred instead, and this is evident from the 
results that the configuration c is more stable by 0.18 eV in PtNi3 clusters and 0.08 eV 
in Ni4 cluster. 
When preferred elemental identity of the coordinating atom is compared, the oxide 
prefers to adsorb on the Ni atom more than that of the Pt atom in a same configuration. 
Furthermore, the difference in the stability increases with an increase in the Ni 
composition in the cluster. For example, in the Pt3Ni cluster, coordination on Ni atom 
is more stable than on a Pt atom in configuration a by 0.23 eV. This difference 
increases to 0.51 eV in Pt2Ni2 cluster and 0.73 eV in PtNi3 cluster. This is also 
observed in both configuration b and c as well. Coordinating on more number of Ni 
atoms is always preferred. 
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Table 4.6 Supported Clusters with Oxide Adsorbed 
Cluster 
composition 
Binding 
orientation on 
graphene 
Oxide 
adsorption 
configuration 
Erel / eV lM–O / Å 
O
C  
O
Pt  O  
Pt4 face–on(Pt3) a(Pt) 0.28 1.79 0.240 –0.847 0.607 
 face–on(Pt3) b(Pt2) 0.29 1.91, 1.99 0.209 –0.886 0.678 
 edge–on(Pt2) a(Pt) 0.00 1.81 0.012 –0.6 0.589 
 edge–on(Pt2) b(Pt2) 0.43 1.95, 1.96 0.079 –0.725 0.645 
 edge–on(Pt2) c(Pt3) 0.81 2.01, 2.02, 2.05 0.046 –0.658 0.613 
Pt3Ni face–on(Pt2Ni) a(Pt) 0.31 1.79 0.347 –0.417 0.629 
 face–on(Pt2Ni) b(Pt2) 0.30 1.92, 1.99 0.351 –0.472 0.684 
 face–on(Pt2Ni) b(PtNi) 0.11 1.92, 1.79 0.368 –0.397 0.776 
 face–on(Pt3) a(Ni) 1.26 1.62 0.259 –0.304 0.746 
 face–on(Pt3) b(PtNi) 0.59 1.96, 1.74 0.258 –0.661 0.821 
 edge–on(PtNi) a(Pt) 0.00 1.82 0.113 –0.142 0.603 
 edge–on(PtNi) b(Pt2) 0.66 1.95, 1.95 0.241 –0.398 0.646 
 edge–on(PtNi) c(Pt3) 1.07 1.97, 2.06, 2.10 0.221 –0.324 0.625 
 edge–on(PtNi) c(Pt2Ni) 0.79 2.01, 2.13, 1.84 0.231 –0.248 0.71 
 edge–on(Pt2) a(Pt) 0.50 1.80 0.035 –0.317 0.627 
 edge–on(Pt2) a(Ni) 0.27 1.64 0.013 0.063 0.757 
 edge–on(Pt2) b(PtNi) 0.27 1.93, 1.78 0.135 –0.28 0.772 
 edge–on(Pt2) c(Pt2Ni) 0.52 1.99, 2.09, 1.89 0.142 –0.278 0.734 
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Pt2Ni2 face–on(PtNi2) a(Pt) 0.47 1.80 0.552 –0.306 0.639 
 face–on(PtNi2) b(Pt2) 0.57 1.92, 2.00 0.537 –0.323 0.682 
 face–on(PtNi2) b(PtNi) 0.00 1.93, 1.78 0.529 –0.114 0.782 
 face–on(Pt2Ni) b(PtNi) 0.52 1.96, 1.75 0.394 –0.251 0.83 
 face–on(Pt2Ni) b(Ni2) 0.25 1.73, 1.75 0.389 0.005 0.926 
 edge–on(Ni2) a(Pt) 0.05 1.82 0.267 –0.085 0.608 
 edge–on(Ni2) b(Pt2) 0.72 1.93, 1.93 0.407 –0.152 0.613 
 edge–on(Ni2) c(Pt2Ni) 0.93 1.99, 2.02, 1.86 0.348 0.045 0.679 
 edge–on(PtNi) a(Pt) 0.70 1.81 0.184 –0.192 0.663 
 edge–on(PtNi) a(Ni) 0.19 1.65 0.153 0.386 0.777 
 edge–on(PtNi) b(PtNi) 0.36 1.94, 1.77 0.295 –0.09 0.785 
 edge–on(PtNi) c(Pt2Ni) 0.72 2.08, 1.98, 1.88 0.286 –0.106 0.74 
 edge–on(PtNi) c(PtNi2) 0.28 2.01, 1.89, 1.84 0.315 0.048 0.815 
 edge–on(Pt2) a(Ni) 1.10 1.64 0.073 0.001 0.79 
 edge–on(Pt2) b(Ni2) 0.14 1.74, 1.74 0.148 0.106 0.91 
 edge–on(Pt2) c(PtNi2) 0.39 2.04, 1.86, 1.87 0.204 –0.102 0.881 
PtNi3 face–on(Ni3) a(Pt) 0.59 1.80 0.733 –0.224 0.654 
 face–on(Ni3) b(PtNi) 0.09 1.93, 1.78 0.709 –0.035 0.772 
 face–on(PtNi2) b(PtNi) 0.55 1.98, 1.74 0.598 –0.262 0.837 
 face–on(PtNi2) b(Ni2) 0.09 1.73, 1.76 0.552 0.123 0.931 
 edge–on(Ni2) a(Pt) 0.85 1.82 0.341 –0.184 0.668 
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 edge–on(Ni2) a(Ni) 0.12 1.65 0.31 0.505 0.786 
 edge–on(Ni2) b(PtNi) 0.53 1.94, 1.76 0.475 –0.088 0.785 
 edge–on(Ni2) c(PtNi2) 0.49 2.01, 1.86, 1.84 0.48 0.085 0.822 
 edge–on(PtNi) a(Ni) 0.88 1.64 0.237 0.119 0.812 
 edge–on(PtNi) b(Ni2) 0.18 1.74, 1.74 0.322 0.14 0.925 
 edge–on(PtNi) c(PtNi2) 0.64 2.08, 1.85, 1.85 0.382 –0.151 0.889 
 edge–on(PtNi) c(Ni3) 0.00 1.87, 1.87, 1.84 0.345 0.182 0.983 
Ni4 face–on(Ni3) a(Ni) 1.02 1.65 0.726 NA 0.784 
 face–on(Ni3) b(Ni2) 0.00 1.73, 1.77 0.754 NA 0.938 
 face–on(Ni3) c(Ni3) 0.10 1.76, 1.88, 1.88 0.812 NA 0.951 
 edge–on(Ni2) a(Ni) 0.86 1.65 0.415 NA 0.82 
 edge–on(Ni2) b(Ni2) 0.23 1.74, 1.74 0.517 NA 0.924 
 edge–on(Ni2) c(Ni3) 0.15 1.82, 1.85, 1.86 0.536 NA 0.955 
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The presence of the support generally reduced the difference in the relative stability of 
different configurations. This allows the oxide to change coordination configuration 
easily on the metal cluster over the catalytic process. In this case, there is no general 
preference in terms of cluster orientation on graphene. However, it is of interest to see 
that coordination configuration a(Pt) prefers edge–on orientation while the 
configuration b(Pt2) prefers face–on orientation instead. 
 
4.2.3 Adsorption of Hydroxides 
Hydroxide is another stable intermediate in the oxygen reduction reactions. It can be 
adsorbed onto a metal cluster in three different configurations, similar to adsorption of 
the oxide. However, in this study, I can only isolate stable intermediate of 1–fold23,24 
and 2–fold adsorption24 configurations, which are similar to the configuration a and b 
in the previous study. Hence, I will use the same notation to denote various 
configurations of the adsorbed hydroxide. The relative energies with reference to the 
most stable configuration of the same composition, (Erel), metal–oxygen distance (lM–
O), oxygen–hydrogen distance (lO–H) and electron transfer from metal cluster to the 
hydroxide ion ( OH ) are computed and tabulated in Table 4.7. 
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Table 4.7 Gas Phase Clusters with Hydroxide Adsorbed 
Cluster 
composition 
Configuration Erel / eV lM–O / Å lO–H / Å 
OH  
Pt4 a(Pt) 0.00 1.95 0.98 0.365 
 b(Pt2) 1.29 2.18, 2.19 0.98 0.356 
Pt3Ni a(Pt) 0.00 1.94 0.98 0.368 
 a(Ni) 0.12 1.77 0.97 0.510 
 b(Pt2) 1.36 2.17, 2.21 0.98 0.359 
Pt2Ni2 a(Pt) 0.05 1.96 0.98 0.411 
 a(Ni) 0.00 1.77 0.97 0.521 
 b(Ni2) 0.10 1.96, 1.96 0.98 0.530 
PtNi3 a(Pt) 0.30 1.96 0.98 0.430 
 a(Ni) 0.00 1.76 0.97 0.536 
 b(Ni2) 0.13 1.95, 1.96 0.98 0.552 
Ni4 a(Ni) 0.00 1.77 0.97 0.553 
 b(Ni2) 0.17 1.96, 1.96 0.98 0.569 
 
From the above data, 1–fold coordination, a, is preferred when hydroxide is adsorbed 
on a metal cluster regardless of its composition. However, there is a change in the 
preference in terms of elemental identity when the cluster composition changes. 
Hydroxide ion has a stronger affinity towards Pt atom when there is high composition 
of Pt in the cluster. For example, in Pt3Ni cluster, binding on a Pt atom is more stable 
than binding on a Ni atom by 0.12 eV. When the composition of Ni increases, 
hydroxide will then bind on a Ni atom instead, since it is more stable than binding on 
Pt atom by 0.05 eV and 0.30 eV in Pt2Ni2 and PtNi3 cluster, respectively. This 
observation is similar to that of the adsorption of oxide where the preference towards 
binding on Ni increases with increasing composition of Ni in the cluster. However, it 
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is also interesting to note that the relative stability of different configurations does not 
differ much, except when the hydroxide binds 2–fold on a pair of Pt atoms. This 
suggests that various coordination modes may co–exist in the system if conversion 
between these configurations is kinetically feasible. Thus, flexibility in terms of 
coordination mode would allow an easy migration of hydroxide ions on the catalyst 
surface, which is an important consideration when studying the activity of a 
heterogeneous catalyst. 
In terms of electron transfer, I observed that when hydroxide adsorbs on Pt in 
configuration a, more electrons are transferred between the cluster to the hydroxide, 
such as in the Pt4 cluster, the electron transfer is 0.365 and 0.356 when oxide adsorbs 
in configuration a and b respectively. However, the reverse is observed when the 
hydroxide absorbs on the Ni atom instead. For example, the electron transfer to the 
hydroxide is 0.553 and 0.569 when hydroxide adsorbs on a Ni4 cluster in 
configuration a and b respectively. When the Ni composition increases, the electron 
transfer to the hydroxide increases. For example, in the configuration a(Pt), the 
electron transfer increases from 0.365 in the Pt4 cluster to 0.430 in the PtNi3 cluster. 
When I compare the elemental identity, I similarly observed that Ni transfers more 
electrons to the adsorbed hydroxides. When the hydroxide adsorbs on Pt atom/atoms, 
in either configuration a or b, the charge transfer ranges from 0.356 to 0.430, while it 
ranges from 0.510 to 0.569 when it adsorbs on Ni atom/atoms. The exact relationship 
between the electron transfer and the adsorption energetics cannot be studied at the 
moment as the energies quoted are with respect to the most stable configuration of 
each composition thus the exact adsorption energy cannot be evaluated. However, to 
compare the effect of the electron transfer and the adsorption energetics, adsorption of 
hydroxide on a supported metal cluster will be studied, since it offers different 
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binding orientation of the metal on the graphene which in turn will give different 
electron transfer. 
Since the hydroxide adsorbs in only two different configurations, the number of 
possible structures are much fewer compared to the adsorptions of oxygen molecules 
and oxides. Similarly, I have tabulated the results in Table 4.8, which includes the 
relative energies with respect to the most stable structure of the same composition 
(Erel), metal–oxygen distance (lM–O), oxygen–hydrogen distance (lO–H), and the change 
transfer to the graphene, to the hydroxide and intra–cluster cluster charge transfer, 
which are denoted by 
O
C , 
O
Pt  and O , respectively. 
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Table 4.8 Supported Clusters with hydroxide adsorbed 
cluster 
composition 
binding orientation 
on graphene 
hydroxide 
adsorption 
configuration 
Erel /eV
 
lM–O /Å lO–H /Å 
O
C  
O
Pt  OH  
Pt4 face–on(Pt3) a(Pt) 0.40 1.95 0.98 0.237 –0.636 0.400 
 face–on(Pt3) b(Pt2) 0.92 2.11, 2.15 0.98 0.265 –0.615 0.350 
 edge–on(Pt2) a(Pt) 0.00 1.96 0.98 0.060 –0.464 0.404 
Pt3Ni face–on(Pt2Ni) a(Pt) 0.30 1.94 0.98 0.399 –0.237 0.393 
 edge–on(PtNi) a(Pt) 0.00 1.95 0.98 0.160 0.025 0.405 
 edge–on(Pt2) a(Pt) 0.50 1.96 0.98 0.065 –0.123 0.437 
 edge–on(Pt2) a(Ni) 0.03 1.77 0.97 0.076 0.067 0.540 
Pt2Ni2 face–on(PtNi2) a(Pt) 0.44 1.95 0.98 0.566 –0.030 0.420 
 face–on(Pt2Ni) a(Ni) 0.90 1.77 0.98 0.380 0.113 0.546 
 face–on(Pt2Ni) b(Ni2) 0.65 1.90, 1.96 0.98 0.442 0.072 0.553 
 edge–on(Ni2) a(Pt) 0.04 1.96 0.98 0.306 0.315 0.408 
 edge–on(PtNi) a(Pt) 0.65 1.97 0.98 0.211 0.078 0.445 
 edge–on(PtNi) a(Ni) 0.00 1.77 0.97 0.206 0.370 0.549 
 edge–on(Pt2) a(Ni) 0.87 1.77 0.97 0.104 0.047 0.555 
 edge–on(Pt2) b(Ni2) 0.75 1.92, 1.93 0.98 0.197 0.085 0.546 
PtNi3 face–on(Ni3) a(Pt) 0.42 1.98 0.98 0.737 0.064 0.455 
 edge–on(Ni2) a(Pt) 0.54 1.97 0.98 0.377 0.064 0.452 
 edge–on(Ni2) a(Ni) 0.00 1.78 0.97 0.371 0.473 0.555 
 edge–on(Ni2) b(Ni2) 0.22 1.87, 2.03 0.98 0.507 0.518 0.553 
 edge–on(PtNi) a(Ni) 0.64 1.77 0.97 0.298 0.059 0.561 
 edge–on(PtNi) b(Ni2) 0.68 1.93, 1.93 0.98 0.357 0.348 0.546 
Ni4 face–on(Ni3) a(Ni) 0.25 1.77 0.98 0.779 NA 0.566 
 face–on(Ni3) b(Ni2) 0.00 1.94, 1.94 0.98 0.818 NA 0.568 
 edge–on(Ni2) a(Ni) 0.22 1.77 0.98 0.469 NA 0.568 
 edge–on(Ni2) b(Ni2) 0.39 1.93, 1.93 0.98 0.539 NA 0.560 
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In terms of the structures, the oxygen–hydrogen distances in all cases are 0.98 Å with 
some exceptions where it is only 0.97 Å when it coordinates through a Ni atom in 
configuration a. The metal–oxygen distance is longer when hydroxide adsorbs on Pt, 
and it ranges from 1.94 Å to 1.98 Å in configuration a and ranges from 2.11 to 2.15 in 
configuration b. Similarly for adsorption on Ni, the metal–oxygen distance is mostly 
1.77 Å in configuration a and ranges from 1.87 Å to 2.03 Å in configuration b. 
When the relative stability of the structure is compared, there is a change in the 
preferred adsorption configuration when there is a support. Similar to the gas phase 
cluster, adsorption in configuration a is preferred when the hydroxide is adsorbed on 
the Pt, such as in the Pt4 cluster, configuration a is more stable than configuration b by 
0.52 eV when the cluster binds to the graphene in face–on orientation. However, for 
the adsorption on Ni, the preferred adsorption configuration depends on the cluster 
orientation on the graphene. Generally, face–on binding to graphene favours 
configuration b while the edge–on binding to graphene favours configuration a 
instead. For example, in Ni4 cluster, configuration b is more stable than configuration 
a by 0.25 eV when the cluster binds to graphene in face–on orientation while it is less 
stable by 0.17 eV in edge–on orientation. The difference between these two binding 
configurations is very close and the overall stability of the two structures is essentially 
depending on the strength of the cluster binding to graphene. For example, in Ni4 
clusters, the face–on orientation of clean metal cluster is preferred thus the binding 
configuration favours hydroxide adsorbs on the cluster in configuration b. Similar to 
the gas phase clusters, the preferred elemental identity of the coordinating atom 
changes when the Ni composition increases. In Pt3Ni cluster, Pt is the preferred 
coordinating atom. However, when Ni composition increases, Ni becomes the 
preferred coordinating atom in both Pt2Ni2 and PtNi3 cluster. Hence, graphene support 
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has little impact on the preferred elemental identity of the coordinating atom on which 
the hydroxide adsorbs. However, as the energy difference between configuration a 
and b is very small when Ni is the coordinating atom, the adsorption energetics is 
affected by the presence of the cluster especially by the orientation of the cluster on 
the support. This shows that the adsorption energetics of hydroxides is sensitive to 
electron transfer and hence by adjusting the electron transfer, the relative stability of 
different adsorption configurations can be changed. 
4.3 Conclusion 
In this chapter, adsorption of oxygen–containing species, such as dioxygen, oxides 
and hydroxides on both gas phase and graphene–supported clusters have been studied 
and the relative stability of different adsorption configurations is compared. I have 
analysed the impact of the cluster composition and cluster binding orientation on the 
graphene on the relative stability of the metal clusters as well as the electron transfer.  
I found that the peroxo binding configuration of dioxygen to the metal cluster is 
preferred over the superoxo binding mode. However, Pt and Ni have two different 
preferred peroxo binding configuration. When peroxo is adsorbed on Pt, the preferred 
binding is through a single Pt atom, whereas peroxo prefers to coordinates through 
two Ni atoms when it adsorbs on Ni. This preference does not change by the addition 
of a graphene support, or the cluster orientation on the graphene. With an increase in 
the Ni composition in the cluster, the adsorption energies of dioxygen on the cluster 
on Pt atoms decrease while that on Ni atoms increases. This causes a shift in the 
preference of the elemental identity of the coordinating atoms. A similar trend is also 
observed in the graphene–supported clusters. This suggested the different catalytic 
properties of the mixed metal catalyst with different composition of the elements. 
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What I can learn from this study is that the properties of the mixed metal clusters 
depend largely on the elements with high composition due to the preferential binding 
towards it, especially in the case of Pt and Ni mixtures. 
Oxide prefers a one–fold coordination configuration with Pt and a two–fold 
coordination configuration with Ni. However, it is important to note that the 
difference between the relative stability of the two–fold coordination and three–fold 
coordination when oxide adsorbs on Ni is very close thus a change to the three–fold 
coordination configuration is observed when there is a graphene–support. This small 
difference in the energies of the two different coordination configurations allows easy 
migration of oxide on the Ni surface. Similar to adsorption of dioxygen species, 
change in the Ni composition also caused binding preference changes from Pt to Ni 
and thus it also shows that the coordination preference depends on the elements with a 
greater percentage composition.  
Both one–fold and two–fold coordination of hydroxides is observed and the one–fold 
coordination is preferred when the hydroxides coordinate on a gas phase cluster 
through both Pt and Ni atom. However, the graphene support has a slight effect on the 
relative energies of the system and thus changes the coordination preference. A face–
on cluster on graphene through 3 Ni atoms prefers a two–fold coordination of 
hydroxide on the cluster while the edge–on cluster on graphene through 2 Ni atoms 
prefers a one–fold coordination of hydroxide instead. The change in the coordination 
configuration is accompanied by the change in the electron transfer from the cluster to 
the graphene thus it suggests that the electron transfer could adjust the relative 
stability of different coordination configurations. 
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This work analyses coordination configurations and the energetics of different stable 
oxygen–containing reaction intermediates, such as dioxygen species, oxides and 
hydroxides, in an oxygen reduction reaction. This provides an important background 
for me to study the reaction pathways which involve multiple intermediates and 
relative stability. It allows me to evaluate the thermodynamic feasibility of different 
reaction pathways which will be discussed in more detail in Chapter 6. 
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Chapter 5 Adsorption of Hydrides and Water on Mixed Platinum 
and Nickel Clusters 
5.1 Introduction 
Adsorption of water has been studied by various groups with many different 
experimental methods
1–16
 with the aim of characterising the chemical species 
adsorbed on the metal surface. Through these studies, it has been revealed that 
molecular adsorption of water on the metal surface is commonly observed. At the 
same time, clustering of water through hydrogen bonding is highly favourably even at 
small coverage
4
 while the adsorption of water monomers is only possible under 
extremely low temperature, below 18 K when slow diffusion kinetics prevents 
clustering of water molecules
17–19
. 
While many were focusing on the hydrogen bonding interactions between water 
molecules upon adsorption on metal surfaces, only until very recently, some started to 
study the interaction between the water and the metal surface in the quest for finding a 
potential catalyst used in photocatalytic water–splitting reactions. Even though I have 
a different aim from those who work on the water–splitting reactions, the interaction 
between water and the metal clusters is still important to us, because in the oxygen 
reduction reaction pathway, water is formed in the last step. How readily this product 
can be desorbed from the metal cluster is one important consideration that needs to be 
carefully studied, because a strong binding between the product or any other stable 
intermediates and the metal cluster will render the catalyst ineffective after a few 
cycles. In general, the easier for the products to be desorbed from catalyst, the faster it 
is for the active site of the metal catalyst to be available for the next cycle, thus a 
more efficient catalyst. 
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Despite the commonly observed molecular physisorption state of water, 
chemisorption state is also feasible and actually this is the immediate precursor for the 
formation of a physisorbed water molecule
20–23
. Hence in this chapter, I will study the 
energetics of both adsorption states of water to find out the thermodynamic factors 
that governs the formation of adsorbed water and the desorption of water from the 
metal cluster. Even though I recognise that the hydrogen bonding interaction between 
adsorbed water molecules and the solvated water molecules does affect the interaction 
of water and the metal cluster, I will not be overly concerned with the clustering of 
water molecules through hydrogen bonding in this study as my main focus is still on 
the interaction between water and the metal cluster.  
5.2 Results and Discussion 
In Chapter 3, I discussed the adsorption of a hydrogen molecule on a mixed platinum 
and nickel cluster, and I have found that upon adsorption on a platinum atom, the 
hydrogen molecule undergoes dissociative chemisorption to form two hydrides. This 
adsorbed hydride is one important intermediate that reduces adsorbed oxygen or 
peroxide in an oxygen reduction reaction. Thus, the stability and the mobility of these 
hydrides on the transition metal clusters are of great interest of my discussion. 
Furthermore, the understanding of the adsorption of hydride on the metal cluster is 
crucial for locating possible stable structures of the chemisorbed water since in the 
chemisorption state, the metal cluster has both a hydroxide and a hydride directly 
adsorbed on it. 
Hence, I will start to consider the stability of different coordination modes of the 
hydrides on the clusters as well as the preferred elemental identity of the atoms that a 
hydride adsorbs on. I will then characterise the physisorption of water to understand 
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how easily it could be desorbed from the metal cluster and last I will look at the 
chemisorption of water thus to find out what the factors that may affect the 
thermodynamics of the formation of water from adsorbed hydride and adsorbed 
hydroxide. 
5.2.1 Adsorption of Hydrides 
Similar to oxides, there are three different coordination modes of the hydrides on a 
cluster. It can be in a one–fold, a two–fold or a three–fold coordination mode. I have 
illustrated these three different coordination in Figure 5.1. These three coordination 
modes are referred as configuration a, b and c respectively in my subsequent 
discussions. For the clusters with both Pt and Ni atom, the atom that the hydride is 
adsorbed on is included in the bracket next to the coordination mode, for example, 
a(Pt) and a(Ni) corresponds to adsorption of hydride on a Pt atom and a Ni atom of a 
metal cluster in the one–fold coordination mode, respective.  
 
Figure 5.1 Three different coordination modes of hydride on metal cluster. (a) one–
fold coordination; (b) two–fold coordination; and (c) three–fold coordination. 
 
The adsorption energy of a hydride on gas–phase metal cluster , Eads is computed by 
taking the different between a system with a free hydrogen atom (Efh) and a system 
with adsorbed hydride (Eah), as Eads = Efh – Eah. A more positive Eads value indicates 
(a)                            (b)                                          (c) 
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that the hydride is adsorbed more strongly on the metal cluster and that particular 
configuration is more stable. The adsorption energy (Eads), together with the metal–
hydride distance (lM–H), electron transfer from the cluster to hydride ( H ) and intra–
cluster electron transfer from Ni to Pt ( H
Pt ) is tabulated in Table 5.1. 
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Table 5.1 Gas Phase Clusters with Hydride Adsorbed 
cluster 
composition 
configuration Eads / eV lM–H / Å H  
H
Pt  
Pt4 a(Pt) 2.94 1.59 0.129 –0.129 
 b(Pt2) 2.71 1.74, 1.74 0.064 –0.066 
 c(Pt3) 2.15 1.83, 1.82, 1.82 0.001 –0.002 
Pt3Ni a(Pt) 3.06 1.59 0.138 0.421 
 a(Ni) 2.25 1.50 0.281 0.223 
 b(Pt2) 2.74 1.74, 1.74 0.064 0.473 
 b(PtNi) 2.51 1.67, 1.72 0.152 0.332 
 c(Pt3) 2.10 1.83, 1.83, 1.81 –0.022 0.526 
Pt2Ni2 a(Pt) 3.04 1.59 0.144 0.721 
 a(Ni) 2.28 1.50 0.302 0.561 
 b(Pt2) 2.39 1.76, 1.76 0.073 0.611 
 b(PtNi) 2.41 1.67, 1.70 0.160 0.569 
 b(Ni2) 2.44 1.67, 1.64 0.305 0.732 
 c(PtNi2) 2.15 1.67, 1.93, 1.93 0.143 0.652 
PtNi3 a(Pt) 2.74 1.61 0.171 0.321 
 a(Ni) 2.59 1.49 0.303 0.591 
 b(PtNi) 2.40 1.68, 1.75 0.164 0.338 
 b(Ni2) 2.59 1.62, 1.62 0.298 0.573 
 c(PtNi2) 2.19 1.68, 1.94, 1.94 0.157 0.384 
 c(Ni3) 2.44 1.78, 1.78, 1.78 0.329 0.731 
Ni4 a(Ni) 2.58 1.51 0.316 NA 
 b(Ni2) 2.71 1.68, 1.68 0.350 NA 
 
First, I consider the Pt4 and Ni4 clusters. In the Pt4 clusters, all three different 
configurations are located with configuration a is the most stable configuration and c 
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is the least, since the adsorption energies for configuration a, b and c are 2.94 eV, 
2.71 eV and 2.15 eV respectively. This decrease in the adsorption energy is paralleled 
with both an increase in the metal–hydride distance and a decrease in the electron 
transfer from the cluster to the hydride, since the metal–hydride distance increases 
from 1.59 Å in configuration a, 1.74 Å in configuration b to 1.82 Å in configuration c 
while the electron transfer decreases from 0.129 in configuration a, 0.064 in 
configuration b to 0.001 in configuration c. This shows that in spite of the greater 
number of bonds formed between the metal and the hydride, the overall interaction 
between the metal cluster and the hydride is getting weaker. It is also important to 
note that the small electron transfer of 0.001 in configuration c does not suggest that 
there is no interaction between the hydride and the metal cluster because of two 
reasons. First, the energy of the system is getting much lower as compared to a system 
with a gaseous hydrogen atom, which suggests that some interaction exists. Second, 
from the density of state plot as shown in Figure 5.2 (c), I can see that there is some 
overlapping between the s orbital of the hydride and the s and d orbitals of the Pt atom 
in configuration c. However, the overlapping between the orbitals of Pt atom and H 
atom in configuration c is significantly smaller than that in configuration a and b 
which are shown in Figure 5.2 (a) and Figure 5.2 (b), respectively.  
In the Ni4 cluster, only two different coordination modes can be isolated, which are 
configuration a and b.  The three–fold configuration c might be unstable and thus it is 
not isolated in this study, since it has also been observed that in the PtNi3 cluster, 
configuration c(Ni3) is less stable than configuration b(Ni2) by 0.15 eV. Configuration 
b is the preferred coordination mode when hydride adsorbs on Ni4 cluster and it is 
more stable by 0.13 eV as compared to configuration a. Even though the metal–
hydride distance in configuration b is 1.68 Å which is longer than that in 
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configuration a, the overall stabilisation due to the formation of two metal–hydride 
bonds is stronger. A greater electron transfer from the metal cluster to hydride is 
observed when changing from configuration a to b. The density of states of these two 
configurations has been plotted in Figure 5.3. In both configurations, comparable 
overlapping between the orbitals of Ni atom and the hydride is observed which is 
consistent with the observation that adsorption energies of these two configurations 
are quite close.  
When hydride adsorbs on a Pt4 cluster or a Ni4 cluster, both adsorption energies are 
quite large as both are more than 2.5 eV. This is because of the unstable gas phase 
hydrogen atom present before it is adsorbed since it is highly reducing. These large 
adsorption energies reveal that in the oxygen reaction reactions, the hydride formed 
will not desorb easily from the metal cluster. The migration of the hydrides could 
have taken place on metal cluster through changing between different configurations, 
especially when the energy difference between configuration a and b is relatively 
small. For example, in the Pt4 and Ni4 clusters, the energy differences between these 
two configurations are only 0.23 eV and 0.13 eV, respectively. 
Comparing the most stable configuration of the Pt4 and Ni4 clusters, I observe that 
binding through Pt is preferred since the highest obtainable adsorption energy is 2.94 
eV and 2.71 eV for Pt4 and Ni4 cluster respectively. This shows that hydrides bind to 
Pt more strongly and this is consistent with the adsorption of hydrogen molecules on a 
metal cluster. This preference in terms of elemental identity of the coordinating atoms 
will be studied in more detail with adsorption of hydrides on mixed Pt and Ni clusters, 
namely, Pt3Ni, Pt2Ni2 and PtNi3 clusters. 
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Figure 5.2 The density of states for the gas phase Pt4 cluster with hydride adsorbed in 
(a) configuration a, (b) configuration b and (c) configuration c, respectively. 
(a) 
(b) 
(c) 
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Figure 5.3 The density of states for the gas phase Ni4 cluster with hydride adsorbed in 
(a) configuration a, and (b) configuration b, respectively. 
 
 
 
(a) 
(b) 
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In all the mixed Pt and Ni clusters, configuration a(Pt) is the most stable configuration 
with the highest adsorption energies. This confirms two observations that I had made 
earlier: configuration a is preferred over configuration b and c when the hydride is 
adsorbed on a Pt atom, and adsorption of hydride on a Pt atom is more favoured than 
on a Ni atom. 
In the stable structure, the metal–hydride distance in both configuration a(Pt) and 
a(Ni) remains more or less constant in mixed clusters, which ranges from 1.59 Å to 
1.61 Å and from 1.49 Å  to 1.51 Å in configuration a(Pt) and b(Pt) respectively. 
Similar trends are observed in other configurations such as, b(Pt2), c(Pt3), and b(Ni2) 
configurations. However, there is a decrease in the Pt–hydride distance and an 
increase in the Ni–hydride distance in the b(PtNi) configuration compared to that in 
b(Pt2) and b(Ni2) configurations respectively. In all the three mixed Pt and Ni clusters, 
the Pt–hydride distance is shorter than the Ni hydride distance in the configuration 
b(PtNi), even thought the Pt–hydride distance in the b(Pt2) configuration is longer 
than the Ni–hydride distance in the b(Ni2) configuration. This further confirms that 
coordination of the hydride on a Pt atom is preferred over coordination on a Ni atom. 
Moreover, this change in the metal–hydride distance suggests that when hydride is 
adsorbed through a pair of Pt and Ni atom, the coordination on the Ni atom 
strengthens the coordination of the hydride on the Pt atom and by contrast the 
coordination on the Pt atom weakens the coordination of hydride on the Ni atom 
which can be confirmed by the electron transfer from the binding atom to the hydride. 
For example, in the Pt2Ni2 cluster, the average localised charge in the two 
coordinating Pt atoms is 10.306 in the configuration b(Pt2). However, in the 
configuration b(PtNi), the localised charged dropped to 10.133 on the coordinating Pt 
atom. This drop suggests that there is a greater transfer of electrons from the cluster to 
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the hydride through the Pt atom. Similarly, in Pt2Ni2 cluster, the average localised 
charge on the two coordinating Ni atoms is 9.481 in the configuration b(Ni2) and this 
localised charge on the coordinating Ni atom in configuration b(PtNi) increased to 
9.671. This increase in the localised charge suggested that in configuration b(PtNi) 
there is less electron transfer from Ni to the hydride as compared to that in 
configuration b(Ni2) and thus a weaker interaction between the coordinating Ni atom 
and the hydride. A similar trend is also observed that the Pt–hydride distance 
decreases and Ni–hydride distance increases in the configuration c(PtNi2) as 
compared to their corresponding metal–hydride distance in the configurations c(Pt3) 
and c(Ni3) respectively. 
With an increase in the Ni composition in the metal cluster, the adsorption energy of 
hydride on a Pt atom increases from 2.94 eV in Pt4 cluster to 3.06 eV in the Pt3Ni 
cluster and then decreases to 3.04 eV in Pt2Ni2 cluster and 2.74 eV in the PtNi3 cluster, 
although the electron transfer increases from 0.129 in Pt4 cluster, 0.138 in Pt3Ni 
cluster, 0.144 in Pt2Ni2 cluster to 0.171 in the PtNi3 cluster. This suggests that even 
though the interaction between the coordinating Pt atom and hydride is getting 
stronger, the overall stability of the adsorbed state decreases. This can be readily 
explained by the change in the localised charge on the Pt atom upon adsorption of 
hydride, H
Pt  – Pt , with the latter quantity taken from the Table 3.1 in Chapter 3 
of this work. The calculated changes in the localised charge on Pt are –0.121, –0.130 
and –0.375 for the Pt3Ni, Pt2Ni2 and PtNi3 clusters, respectively. This shows that the 
weakening of the intra–cluster binding is getting more significant in the mixed 
clusters with an increase in the Ni composition which leads to a relatively smaller Eads 
value in the Pt2Ni2 and PtNi3 clusters. The weakening in the intra–cluster binding out–
weighs the effect of increasing metal–hydride interaction. 
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This change makes the energy difference between different configurations getting 
smaller. For example, in PtNi3 clusters, energy differences of configurations a(Ni), 
b(PtNi), b(Ni2) and c(Ni3) are within 0.20 eV from each other. On the other hand, the 
adsorption energy of hydride on a Ni atom increases with an increase in the Ni 
composition in the cluster. This parallels with an increase in the Ni–hydride 
interaction which is shown by an increase in the electron transfer to hydride and a 
decrease in the weakening of the intra–cluster binding which is indicated by a smaller 
decrease in the localised charge on Pt, since the calculated changes in the localised 
charge of Pt ( H
Pt  – Pt ) upon adsorption of hydride on Ni atom are –0.320, –0.290 
and –0.105 for Pt3Ni, Pt2Ni2 and PtNi3 clusters respectively. In summary, the 
adsorption change of hydride on the cluster depends on two main factors, namely the 
electron transfer from the metal to the hydride and the change in the intra–cluster 
binding. The latter factor can be more significant. 
I then studied the adsorption of hydride on graphene–supported clusters which allows 
us to further analyse the effect of the electron transfer on the adsorption energies. I 
tried to search for all possible structures with different cluster–graphene binding 
orientations and hydride coordination modes. Unfortunately, some structures are 
unstable and thus their corresponding local minima could not be identified in this 
work. No stable structures of clusters with 3–fold coordinated hydride were found. 
This is expected since this coordination mode is found to be the weakest amongst all 
three different coordination modes in the study of the gas phase clusters. I summarise 
some physical and chemical properties of the located structures in Table 5.2, which 
include the adsorption energy of the hydride on cluster (Eads), metal–hydride distance 
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(lM–O), charge transfer to hydride ( H ), charge transfer between the cluster and 
graphene support (
C ) and the intra–cluster electron transfer (
H
Pt ). 
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Table 5.2 Graphene–Supported Clusters with Hydride Adsorbed 
Cluster composition 
Binding orientation 
on graphene 
Hydride 
Adsorption 
configuration 
Eads / eV lM–H / Å H  C  
H
Pt  
Pt4 face–on(Pt3) a(Pt) 2.31 1.59 0.104 0.239 –0.34 
 face–on(Pt3) b(Pt2) 2.24 1.68, 1.75 0.043 0.299 –0.341 
 edge–on(Pt2) a(Pt) 2.55 1.56 0.078 0.063 –0.140 
 edge–on(Pt2) b(Pt2) 2.66 1.70, 1.70 0.016 0.110 –0.126 
Pt3Ni face–on(Pt2Ni) a(Pt) 2.37 1.59 0.110 0.402 0.044 
 face–on(Pt2Ni) b(Pt2) 2.33 1.68, 1.76 0.041 0.457 0.038 
 face–on(Pt3) a(Ni) 0.92 1.47 0.226 0.274 –0.300 
 edge–on(Pt2) a(Pt) 2.21 1.59 0.156 0.049 0.177 
 edge–on(Pt2) a(Ni) 1.74 1.49 0.298 0.023 0.107 
 edge–on(Pt2) b(PtNi) 1.97 1.66, 1.64 0.113 0.177 –0.018 
 edge–on(PtNi) a(Pt) 2.51 1.60 0.182 0.094 0.343 
 edge–on(PtNi) b(Pt2) 2.65 1.71, 1.70 0.014 0.253 0.298 
 
To be continued on the next page...  
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Pt2Ni2 face–on(PtNi2) a(Pt) 2.33 1.57 0.112 0.566 0.296 
 face–on(Pt2Ni) a(Ni) 1.04 1.47 0.230 0.430 –0.026 
 edge–on(Pt2) a(Ni) 1.09 1.53 0.352 0.061 0.006 
 edge–on(Pt2) b(Ni2) 1.26 1.58, 1.57 0.243 0.207 0.014 
 edge–on(PtNi) a(Pt) 2.21 1.59 0.159 0.168 0.505 
 edge–on(PtNi) a(Ni) 1.73 1.49 0.321 0.142 0.446 
 edge–on(Ni2) a(Pt) 2.61 1.6 0.182 0.204 0.735 
PtNi3 face–on(Ni3) a(Pt) 2.08 1.6 0.126 0.789 0.327 
 face–on(PtNi2) a(Ni) 1.00 1.47 0.240 0.602 0.115 
 edge–on(PtNi) a(Ni) 0.79 1.53 0.348 0.216 0.091 
 edge–on(PtNi) b(Ni2) 1.22 1.59, 1.60 0.272 0.355 0.170 
 edge–on(Ni2) a(Pt) 1.82 1.62 0.209 0.335 0.310 
 edge–on(Ni2) a(Ni) 1.78 1.51 0.342 0.292 0.589 
 edge–on(Ni2) b(PtNi) 1.80 1.67, 1.62 0.109 0.515 0.285 
Ni4 face–on(Ni3) a(Ni) 1.84 1.53 0.359 0.742 NA 
 face–on(Ni3) b(Ni2) 2.35 1.66, 1.63 0.291 0.827 NA 
 edge–on(Ni2) a(Ni) 1.95 1.53 0.355 0.352 NA 
 edge–on(Ni2) b(Ni2) 2.09 1.57, 1.57 0.240 0.569 NA 
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Many of the observations that I have made in the gas–phase clusters are also observed 
in the graphene–supported clusters. One of these observation is that adsorption of 
hydride on a Pt atom is more favoured as compared to adsorption on a Ni atom on the 
clusters with same composition. For example an an edge–on Pt3Ni cluster that binds 
on graphene through two Pt atoms, adsorption of hydride on a Pt atom is more stable 
than that on a Ni atom by 0.47 eV. In the gas–phase clusters, I also observed that 
coordination mode a is preferred when the hydride adsorbs on Pt atom and 
coordination mode b is preferred when the hydride adsorbs on Ni atom. However, in 
the graphene–supported clusters, two exceptions were found in Pt4, and Pt3Ni edge–
on clusters. Here, coordination mode b is preferred when hydride adsorbs on Pt atom. 
This is due to a stronger binding of cluster on the graphene with a larger electron 
transfer to the graphene when the hydride adsorbs in configuration b.  
When the gas–phase and graphene–supported clusters are compared, I observed that 
the adsorption energies are much lower when hydride adsorbs on the graphene–
supported clusters, even though the bond distance remains almost constant. This 
suggests the lowering of the adsorption energies is not solely due to the weakening of 
metal–hydride interaction. When the electron transfer from the cluster with adsorbed 
hydride to the graphene is compared to that of a clean cluster, I observed that electron 
transfer is smaller in the cluster with adsorbed hydride. This indicates that the cluster–
graphene binding is weaker when hydride adsorbs on the cluster and thus it causes the 
lowering of the adsorption energy. 
The strengthening of the Pt–hydride interaction and weakening of Ni–hydride 
interaction when the hydride adsorbs on a pair of Pt and Ni atoms are also observed in 
the graphene–supported clusters. However, the extent of the impact is not as great as 
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that in the gas–phase clusters, as the Pt–hydride distance is still longer than that of 
Ni–hydride distance.  
In summary, hydride binds to metal clusters very strongly which is evident from the 
high adsorption energies. This confirms that migration of hydride is not through direct 
desorption but through migration on the metal clusters. The adsorption energies can 
be lowered by the graphene support due to readjustment of electron transfer in the 
system. I also find that adsorption of hydrides favours the Pt atom over a Ni atom in 
all compositions, regardless whether the cluster is in gas–phase or in graphene–
supported state. However, in Chapter 4 I learnt that hydroxide prefers Ni atom instead 
when the composition of Ni in the cluster is high, and in all graphene–supported 
clusters. This poses a challenge that migration of a hydride from a Pt atom to a Ni 
atom or migration of a hydroxide from a Ni atom to a Pt atom might be difficult in a 
catalytic system due to their different preference in terms of the elemental identity of 
the coordinating atoms. In the next two sections, I will look at the adsorption of the 
molecular water and co–adsorption of both hydride and hydroxide on the metal cluster 
to find out more evidence about which ion is migrated due to the thermodynamic 
considerations. 
5.2.2 Physisorption of Water 
In an oxygen reduction reaction in the presence of hydrogen, the final product formed 
is water which desorbs from the catalyst. Thus, understanding adsorption of water on 
the metal cluster, which is the reverse of desorption of water, is of great interest in my 
study. Water molecules can be adsorbed on the metal cluster in two different 
configurations, either molecular physisorption or dissociative chemisorption. I will 
study the physisorption configuration first to analyse how strongly a water molecule is 
physisorbed on the metal cluster. In the physisorption state, I only consider the one–
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fold coordination of water molecules on the gas phase metal clusters through the 
oxygen atom. The adsorption energy (Eads), the metal–oxygen distance (lM–O), 
oxygen–hydrogen distance in water molecule (lO–H), electron transfer between metal 
cluster and water ( OH2 ) and intra–cluster electron transfer (
OH
Pt
2 ) are summarised 
in Table 5.3.  
Table 5.3  Gas Phase Clusters with Physisorbed Water Molecules 
cluster 
composition 
coordinating 
atom 
Eads / eV lM–O / Å lO–H / Å OH2
  OHPt2  
Pt4 Pt 0.61 2.22 0.98, 0.98 –0.182 0.182 
Pt3Ni Pt 0.79 2.21 0.98, 0.98 –0.177 0.693 
 Ni 0.76 2.03 0.98, 0.98 –0.130 0.681 
Pt2Ni2 Pt 0.41 2.32 0.98, 0.98 –0.139 0.803 
 Ni 0.76 2.04 0.98, 0.98 –0.127 0.934 
PtNi3 Pt 0.25 2.35 0.98, 0.98 –0.114 0.381 
 Ni 0.71 2.01 0.97, 0.97 –0.110 0.621 
Ni4 Ni 0.72 2.02 0.98, 0.98 –0.114 NA 
 
From this set of data I observe that water molecules are generally weakly bonded on 
the metals clusters because of the small Eads values which ranges from 0.25 eV to 0.79 
eV. In general, when the water is adsorbed on a Pt atom, the adsorption energy of 
water on the metal cluster decreases with an increase in the Ni composition due to 
smaller amount of electron transfer from water to the metal cluster. However, there is 
an exception for the Pt3Ni cluster. The adsorption energy of water on this cluster is 
higher than that on the Pt4 cluster by 0.18 eV, with a shorter metal–oxygen distance. 
This is due to the extra stability gained by a significant shift of electrons in the water 
intra–molecular O(p) state from the energy level of –5.2 eV to the energy state of –6.2 
Chapter 5 Adsorption of Hydride and Water 
106 
 
eV as shown in the density of state plot of both Pt4 cluster and Pt3Ni clusters with 
adsorbed water molecules in Figure 5.4. 
At the same time, I observed that unlike adsorption of hydride, oxide or hydroxide, 
electrons are transferred from water to the metal cluster, although water coordinates 
through a highly electronegative oxygen atom. This transfer of electrons to the cluster 
further enhances the intra–cluster binding in the Pt3Ni cluster but weakens it in the 
Pt2Ni2 cluster and PtNi3 clusters, since upon adsorption of water molecule delocalised 
charge on Pt increase by 0.151 in Pt3Ni cluster but decreased by 0.048 and 0.315 for 
Pt2Ni2 and PtNi3 cluster respectively when compared to a clean cluster. In the Pt3Ni 
cluster, both the adsorbed H2O molecule and the Ni atom transfer electrons to three Pt 
atoms thus the Pt atoms accepts more electrons transferred from both donors 
especially when higher Pt composition allows it to have greater ability to 
accommodate more electrons from the two donors. When the Ni composition 
increases, there is a greater competition between the two electron donors and the 
lower Pt composition does not allow it to accommodate the electrons from the two 
donors effectively, thus the intra–cluster electron transfer from Ni to Pt was affected 
by the physisorption of water molecule more significantly in Pt2Ni2 and PtNi3 clusters. 
This explains the sharp decrease in the adsorption energies of water on Pt2Ni2 and 
PtNi3 clusters. 
However, when the water is adsorbed on Ni atom, the adsorption energies remain 
almost constant which are in the range of 0.71 eV to 0.76 eV. When the elemental 
identity of the coordinating atom is compared, Pt is favoured in Pt3Ni cluster and Ni is 
preferred in both Pt2Ni2 and PtNi3 clusters. To understand the difference in elemental 
preference, the density of states for Pt2Ni2 clusters when the water adsorbs on Pt atom 
or on Ni atom is plotted in Figure 5.5. From the plot, I observe that the shift of 
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electrons from the energy state of around –5.0 eV to the energy state of around           
–6.0 eV is much more significant when water adsorbs on Ni atom. This shifting of 
electrons to a lower energy state stabilises the whole structure. Thus, it gives a greater 
adsorption energy. Interestingly, I also observe that this shift of electrons to a lower 
energy state in the Pt2Ni2 cluster when water absorbs on Pt atom is also less than that 
of Pt3Ni cluster, comparing  Figure 5.4(b) and Figure 5.5(a). It is also important to 
note that the adsorption energy difference between coordination through Pt and Ni is 
only 0.03 eV in the Pt3Ni cluster. At around 100 °C, the operation temperature of a 
PEM Fuel Cell, thermodynamically I expect co–exist of coordination of water to both 
Pt and Ni atom since the ratio of these two states are about 7:3, which is estimated 
based on Maxwell–Boltzmann energy distribution.  
In terms of the molecular geometries, the oxygen–hydrogen distance in all structures 
is almost constant at 0.98 Å which is similar to that in a free water molecule 
calculated, which shows that water molecules hardly undergo any geometrical 
changes upon adsorption and it further confirms the physisorption state of water 
molecule in these structures, besides knowing that the adsorption energy is relatively 
small. 
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Figure 5.4 The density of states for the gas–phase clusters with water molecules. (a) 
Pt4 cluster and (b) Pt3Ni cluster. 
(a) 
(b) 
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Figure 5.5 The density of states for the gas phase Pt2Ni2 cluster with physissorbed 
water on (a) Pt atom, and (b) Ni atom. 
  
(a) 
(b) 
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Further studies on the graphene–supported clusters with adsorbed water are carried 
out to find out more about the impact of the electron transfer on adsorption energies 
and adsorption preference in terms of elemental identity of the coordinating atoms and 
coordination modes. I tried to locate all the possible structures with different cluster–
graphene binding orientation and different elemental identity of the coordinating 
atoms. However, four face–on cluster–graphene binding orientations cannot be found 
which are face–on binding of cluster on graphene through 3 Pt atoms in Pt4 cluster 
and Pt3Ni clusters, face–on binding of cluster on graphene through 2 Pt atoms and 1 
Ni atom in Pt2Ni2 cluster, and face–on binging of cluster on graphene through 1 Pt 
atom and 2 Ni atom in PtNi3 cluster. I summarise some physical and chemical 
properties of the located structures in Table 5.4, which includes, the adsorption energy 
of the water on cluster (Eads), metal–oxygen distance (lM–O), oxygen–hydrogen 
distance in water (lO–H), charge transfer between water and metal cluster ( OH2 ), 
charge transfer between the cluster and graphene support (
C ) and the intra–cluster 
charge transfer ( OH
Pt
2 ). 
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Table 5.4 Graphene–Supported Clusters with Physisorbed Water Molecule. 
Cluster 
composition 
Binding orientation 
on graphene 
Coordinating 
Atom 
Eads / eV lM–O / Å lO–H / Å OH2
  C  
OH
Pt
2  
Pt4 edge–on(Pt2) Pt 0.51 2.21 0.98, 0.98 –0.169 0.208 –0.039 
Pt3Ni face–on(Pt2Ni) Pt 0.13 2.36 0.98, 0.98 –0.108 0.496 0.111 
 edge–on(Pt2) Pt 0.20 2.33 0.98, 0.98 –0.120 0.287 0.189 
 edge–on(Pt2) Ni 0.73 2.01 0.98, 0.98 –0.111 0.319 0.362 
 edge–on(PtNi) Pt 0.55 2.21 0.98, 0.98 –0.157 0.338 0.416 
Pt2Ni2 face–on(PtNi2) Pt 0.38 2.46 0.98, 0.98 –0.087 0.676 0.375 
 edge–on(Pt2) Ni –0.03 2.02 0.98, 0.98 –0.104 0.291 0.250 
 edge–on(PtNi) Pt 0.18 2.31 0.98, 0.98 –0.122 0.462 0.360 
 edge–on(PtNi) Ni 0.63 2.01 0.98, 0.97 –0.115 0.479 0.527 
 edge–on(Ni2) Pt 0.65 2.21 0.98, 0.98 –0.155 0.495 0.695 
PtNi3 face–on(Ni3) Pt 0.34 2.46 0.98, 0.98 –0.084 0.875 0.508 
 edge–on(PtNi) Ni –0.35 2.02 0.98, 0.98 –0.107 0.497 0.119 
 edge–on(Ni2) Pt 0.02 2.30 0.98, 0.98 –0.121 0.627 0.441 
 edge–on(Ni2) Ni 0.54 1.99 0.98, 0.98 –0.112 0.663 0.579 
Ni4 face–on(Ni3) Ni 0.46 2.05 0.98, 0.98 –0.081 0.956 NA 
 edge–on(Ni2) Ni 0.41 2.01 0.98, 0.98 –0.104 0.676 NA 
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In these graphene–supported clusters with water adsorbed, I observe that in terms of 
preference in the elemental identity of the coordinating atoms, there is little change as 
compared to the gas phase clusters. Physisorption of a water molecule on a Ni atom is 
more preferred than that on a Pt atom in all mixed clusters with the same cluster–
graphene binding orientation. For example, in the Pt2Ni2 cluster with edge–on binding 
on graphene through a pair of Pt and Ni atoms, the structure is more stable by 0.59 eV 
when water is adsorbed on a Pt atom than that on a Ni atom.  
Comparing the adsorption energies of water on supported–clusters and the gas–phase 
clusters, a mix of results is observed. When the face–on clusters with the Pt as the 
atop atom were considered, I found that the Pt–water interaction is weakened when 
supported by graphene. This is indicated by a lengthening of the Pt–oxygen distance 
in all cases. Especially in the case of Pt3Ni clusters, the Pt–oxygen distance increased 
from 2.21 Å in a gas phase cluster to 2.36 Å in a graphene–supported cluster. The 
sharp increase in the Pt–oxygen distance parallels the large drop in its adsorption 
energy from 0.79 eV to 0.13 eV.  This weakening of the Pt–water interaction is due to 
a significant reduction of transfer of electrons from water to the cluster, which 
changes from 0.177 in the gas phase cluster to 0.108 in the graphene–supported 
cluster. Similarly, this is also observed in an edge–on supported cluster which binds to 
the graphene through a pair of Pt and Ni atom. However, when the edge–on supported 
cluster binds through two Ni atoms, the adsorption energy is actually higher than that 
of the gas–phase clusters with a shorter Pt–oxygen distance and a greater electron 
transfer from the water molecule to the metal cluster. This suggests that binding 
through more Ni atoms to the graphene allows greater donation of electrons from the 
cluster to the graphene so that the cluster can accept more electrons from the water 
molecules and thus a stronger interaction between the Pt and water is observed. On 
Chapter 5 Adsorption of Hydride and Water 
113 
 
the other hand, the graphene support has little impact on the adsorption energies of 
Pt3Ni and Pt2Ni2 cluster when the water adsorbs on the Ni atom, and the Ni–oxygen 
distance remains almost constant. However, the adsorption energies of the water on 
the supported PtNi3 and Ni4 clusters are lower due to a smaller charge transfer from 
water to the metal cluster. Interestingly, in the Ni4 cluster, the adsorption energy of 
water on the face–on cluster is higher than that on the edge–on cluster, in spite of a 
longer Ni–oxygen distance. This extra stability of the face–on cluster is contributed 
by the significant increase in the cluster–graphene due to a greater electron transfer 
from the metal to graphene. In this case, the electron transfer increases from 0.676 to 
0.956 when changing from edge–on orientation to face–on orientation. 
In summary, physisorption of water on Ni atom is preferred in most of the gas–phase 
cluster and all supported clusters and in all cases, water molecules are bonded very 
weakly to the clusters thus desorption of water from the metal cluster is 
thermodynamically feasible. Furthermore, the strength of physisorption of water on 
metal cluster can be fine–tuned by adjusting electron transfer though the composition 
of the cluster and whether it is supported. The study of the adsorption of water on 
supported clusters shows that when there is less electrons transferred from the cluster 
to graphene, the cluster will be less electron deficient thus it cannot accept electron 
from the water readily, which leads to a weaker binding of water to the cluster. 
5.2.3 Chemisorption of Water 
The chemisorption state of water is where hydroxide and hydride are bonded to the 
metal clusters separately. This is one of the important stable intermediates that I need 
to consider in the oxygen reduction reaction pathways, since this is the precursor state 
for the formation of the physisorbed state of water in this reaction pathway. Hence the 
relative stability of this state and the readiness for this state to be converted to the 
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chemisorbed state are two important considerations when analysing the oxygen 
reduction reaction pathways. Since there are many ways that hydride and hydroxides 
can adsorb on a metal, it is too computationally expensive to search for all structures. 
However, I know that the hydroxide and hydride are in close proximity from each 
other before it could combine together to form a water molecule, thus I limited my 
search to the structures where the hydroxide and the hydride are adsorbed on the same 
atom. This has been done for all different cluster composition with both Pt atom and 
Ni atom as the coordination atom in the mixed structure, but the structures for 
chemisorbed water on a Ni atom of  the PtNi3 and Ni4 clusters cannot be found. 
Instead, I located a local minimum with a structure that the hydride forms a 2–fold 
coordination mode with two Ni atoms. This is expected since in the study of the 
adsorption of hydrides, I found that this 2–fold coordination of hydride is actually 
preferred for coordination through Ni atoms. To illustrate the structural difference of 
these two, PtNi3 cluster with hydride adsorbed on a Pt atom or a Ni atom is shown in 
Figure 5.6. 
 
Figure 5.6 Structures of chemisorbed water, which is corresponding to the adsorption 
of both a hydride and a hydroxide on a same atom. Two different hydride adsorption 
modes are shown, (a) one–fold coordination of hydride; and (b) two–fold coordination 
of hydride. 
(a) (b) 
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I summarise some physical and chemical properties of the located structures in Table 
5.5, which include the adsorption energy of water in the chemisorbed state (Eads), 
metal–oxygen distance (lM–O), oxygen–hydrogen distance in hydroxide (lO–H), metal–
hydride distance (lM–H), electron transfer to hydroxide ( OH ), to hydride ( H ), to 
chemisorbed water ( OH2 ) and intra–cluster electron transfer (
OH
Pt
2 ). The two–
fold coordination state of hydride as shown in Figure 5.6 (b) is labelled with a * to 
differentiate it from coordination mode illustrated in Figure 5.6 (a). 
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Table 5.5 Gas–Phase Clusters with Chemisorbed Water 
cluster 
composition 
coordinating 
atom 
Eads / eV lM–O / Å lO–H / Å lM–H / Å OH  H  OH2  
OH
Pt
2  
Pt4 Pt 1.06 1.95 0.98 1.56 0.319 0.057 0.376 –0.376 
Pt3Ni Pt 1.04 1.97 0.98 1.56 0.353 0.063 0.416 0.083 
 Ni 0.30 1.76 0.98 1.44 0.430 0.157 0.587 0.218 
Pt2Ni2 Pt 0.56 1.97 0.98 1.57 0.376 0.062 0.438 0.060 
 Ni 0.36 1.76 0.98 1.44 0.460 0.173 0.633 0.513 
PtNi3 Pt 0.41 1.98 0.98 1.57 0.401 0.075 0.476 –0.190 
 Ni* 1.04 1.76 0.98 1.60, 1.58 0.506 0.237 0.743 0.500 
Ni4 Ni* 1.53 1.77 0.97 1.68, 1.59 0.530 0.300 0.830 NA 
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In general, chemisorption is more energetically favourable than physisorption. This is 
especially true for the cases where water is adsorbed on a Pt atom. However, in the 
Pt3Ni and Pt2Ni2 clusters, chemisorption on a Ni atom is actually less favourable than 
physisorption on Ni. This is because chemisorption of Pt3Ni and Pt2Ni2 results in the 
one–fold coordinated hydride rather than the two–fold coordinated hydride which I 
observe in PtNi3 and Ni4. From the previous section I found a large destabilisation 
when the hydride changes its coordination from 2–fold to 1–fold. 
The chemisorption energy of water decreases with increasing Ni composition in the 
cluster. The electron transfer from the metal cluster to both hydroxide and hydride 
increases with the Ni composition since Ni is less electronegative. Thus, a greater 
composition of Ni in the cluster allows more electrons to be transferred out. This 
indicates that there is a greater interaction between the metal cluster and the adsorbed 
hydroxide and hydride. However, the overall stability of the whole system decreases 
due to the increasingly weakened intra–cluster binding since the change in the 
localised charge on Pt dropped significantly upon chemisorption of water. In the clean 
gas–phase cluster, the intra–cluster electrons transfer in Pt3Ni, Pt2Ni2 and PtNi3 
clusters are 0.542, 0.851 and 0.696 as explained in Chapter 3. The corresponding 
quantities for the water adsorbed clusters are 0.083, 0.060 and –0.190 as in Table 5.5, 
giving a decrease in localised charge in Pt ( Pt ) of 0.459, 0.791 and 0.886. 
Therefore, it further strengthens my conclusion in Chapter 3 as I also find here that 
this intra–cluster electron transfer is a good indicator of the intra–cluster binding 
strength. 
On the other hand, the adsorption energy of water on a Ni atom increases with Ni 
composition in the cluster, regardless whether the hydride is adsorbed in a one–fold or 
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a two–fold coordination mode. This is due to the strengthening of the metal–
hydroxide and metal–hydride interactions due to greater electron transfer while 
keeping a similar change in the intra–cluster binding strength which is indicated by 
the almost constant drop in the intra–cluster electron transfer of 0.324 (calculated as 
0.542 – 0.218) in Pt3Ni cluster and 0.338 (calculated as 0.851 – 0.513) in Pt2Ni2 
cluster. Indeed, the weakening of the intra–cluster binding is the least in PtNi3 cluster 
due to a much smaller drop of 0.196  (calculated as 0.696 – 0.500) in the intra–cluster 
electron transfer.  
The decreasing adsorption energy on a Pt atom and increasing adsorption energy on a 
Ni atom with an increase in the composition of Ni shows that there is a shift in the 
preference of the elemental identity of the coordinating atoms, which means that the 
chemisorption of water favours the element with greater percentage composition in 
the metal cluster, which is also similarly observed when hydroxide is adsorbed on the 
metal cluster, as discussed in Chapter 4.  
Comparing the electron transfer to the hydride and hydroxide, I find that in the 
chemisorption state, the electron transfer to each of them is much less compared to the 
the independently adsorbed hydride and hydroxide, due to the competition between 
these electron–withdrawing adsorbates. However, when the chemisorption is 
compared to the physisorption state, the direction of electron transfer is different. In 
the physisorption state, electrons are transferred from water to the metal cluster, 
whereas in the chemisorption state, the reverse is observed.  
This study reveals that the direction of migration of hydride or hydroxide largely 
depends on the cluster composition. When the Ni composition is low, such as Pt3Ni, 
both hydroxide and hydrides favour adsorption on a Pt atom. Thus, no migration is 
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needed since the more stable chemisorbed structure of cluster with low Ni 
composition has both hydride and hydroxides adsorbed on the Pt atom. However, 
when the Ni composition is high, such as in the PtNi3 cluster, migration of hydride 
from a Pt atom  to a Ni atom is necessary since the more stable structure of the 
chemisorbed water has both hydroxide and hydride on a Ni atom. 
To further the study on the impact of electron transfer on the chemisorption of water, I 
searched for corresponding structures on the supported clusters, but not all are found. 
An interesting observation is that 2–fold coordination of hydride is observed in all 
mixed Pt and Ni clusters and Ni4 clusters. Furthermore, 2–fold coordination of 
hydroxide is also observed in the Ni4 clusters.  
I summarise some physical and chemical properties of the located structures inTable 
5.6, which include the adsorption energy of water in chemisorbed state (Eads), metal–
oxygen distance (lM–O), oxygen–hydrogen distance in hydroxide (lO–H), metal–hydride 
distance (lM–H), electron transfer to hydroxide ( OH ), to hydride ( H ), to 
chemisorbed water ( OH2 ), to graphene ( C ) and intra–cluster electron transfer 
(
OH
Pt
2 ). The coordinating atom/atoms of hydride and hydroxide are labelled 
separately while keeping in mind that there is at least one common coordinating atom 
so that the distance between hydride and the hydroxide is sufficiently close. 
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Table 5.6 Graphene Supported Clusters with Chemisorbed Water 
cluster 
composition 
Binding 
orientation on 
graphene 
coordinating atom Eads / eV lM–O / Å 
lO–H / 
Å 
lM–H / Å OH  H  OH2  C  
OH
Pt
2
 
Pt4 edge–on(Pt2) Pt 0.51 1.96 0.98 1.57 0.329 0.100 0.429 0.016 –0.455 
Pt3Ni edge–on(PtNi) OH(Pt), H(PtNi) 0.66 1.97 0.98 1.61, 1.75 0.415 0.101 0.516 0.180 –0.186 
 face–on(Pt3) OH(Ni), H(PtNi) 0.01 1.75 0.98 1.65, 1.72 0.514 0.156 0.670 0.288 –0.369 
Pt2Ni2 edge–on(Ni2) OH(Pt), H(PtNi) 0.76 1.97 0.98 1.63, 1.68 0.445 0.113 0.558 0.324 0.137 
 edge–on(PtNi) OH(Ni), H(PtNi) 0.77 1.77 0.98 1.64, 1.67 0.537 0.082 0.619 0.243 0.215 
PtNi3 face–on(Ni3) OH(Pt), H(PtNi2) 0.66 1.97 0.98 1.68, 1.90, 1.81 0.472 0.197 0.669 0.755 –0.027 
 face–on(PtNi2) OH(Ni), H(PtNi) 0.34 1.76 0.98 1.67, 1.69 0.535 0.176 0.711 0.623 0.022 
Ni4 face–on(Ni3) OH(Ni2), H(Ni2) 1.62 1.93, 1.87 0.98 1.58, 1.67 0.539 0.297 0.836 0.833 NA 
 edge–on(Ni2) OH(Ni), H(Ni3) 0.52 1.76 0.98 1.54, 1.78, 1.69 0.560 0.203 0.763 0.482 NA 
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From the above results, little conclusion can be made on individual factors that affect 
the energetics of chemisorption of water, as there are more than one difference 
between any two different structures. However, there are still a few points that I can 
learn from this set of data. First, the adsorption energies compared to that on gas–
phase clusters are generally weaker. For example, when water chemisorbed on a 
single Pt atom, the adsorption energy is 0.51 eV for a supported cluster while that of a 
gas–phase cluster is 1.06 eV. The transfer of electrons to the graphene significantly 
reduces the stability of the supported clusters with chemisorbed water. I tried to find 
structures with hydride adsorbed on a single atom for all the mixed cluster, but I failed 
to obtain those structures. This suggests that this coordination mode is highly unstable, 
and the coordination through two atoms is preferred. From this I can see that the 
impact of the electron transfer from the cluster to the graphene does not only affect 
the energetics of chemisorption of water, but also the geometry and coordination 
preference. Due to the excessive electron transfer from the metal to the graphene, 
there is insufficient electron available on a single metal atom to stabilise the 
interaction between the hydride and the metal cluster. Thus, a two–fold coordination 
is observed in all mixed clusters. Furthermore, I also observed that for the Ni4 cluster, 
which has the electron transfer from the metal to graphene, even hydroxide has to be 
stabilised by two Ni atoms instead of one. Here, the distance between the hydroxide 
and the hydride is much greater than on a Pt4 cluster, which may not be a favourable 
condition for the formation of water. 
When chemisorption is compared with physisorption of water on the clusters with the 
same composition and same orientation on the graphene support, the chemisorption 
state is still favoured over the physisorption state. Hence energy is required for the 
conversion of water from the chemisorption state to the physisorption state. However, 
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the difference is not much and in most clusters, which is only about 0.20 eV. In the 
Pt4 cluster, both states have comparable adsorption energy of 0.51 eV, which suggests 
that the conversion of water from the chemisorption state to physisorption state is not 
thermodynamically difficult.  
5.3 Conclusion 
In this chapter, adsorption of hydrides and both physisorption and chemisorption of 
water on gas–phase and graphene supported clusters have been studied. I analysed the 
energetics of the adsorption of these species and discussed the factors that affect both 
the energetics and the adsorption preference of these species on the metal clusters. 
Strong binding between hydrides and the metal clusters are observed which confirms 
that direct desorption of hydride into the gas phase is not energetically favourable. 
Since hydride and hydroxide prefer to be adsorbed on different metal species, my 
results suggest that migration of these species is necessary for water formation. 
Hydride was also found to have a greater adsorption affinity towards Pt atom and its 
one–fold coordination is preferred when adsorbed on Pt. From the studies of 
supported clusters, I found that the adsorption energy of hydride on the metal cluster 
can be significantly affected by electron transfer from the metal to graphene. This is 
further confirmed by the study of the chemisorbed water where additional electron 
transfer to the adsorbed hydroxide further weakens the interaction between the 
hydride and the metal clusters. A change in the hydride coordination mode from 1–
fold to 2–fold is observed where there is excessive electron transfer out of the metal 
cluster due to the presence of hydroxide or the graphene support, which shows that a 
single metal atom has insufficient electron density to stabilise the hydride adsorbed on 
the cluster. 
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My results on physisorption of water showed that molecular water binds relatively 
weakly on metal clusters, which allows it to be desorbed easily once it is formed. 
Adsorption on a Pt atom is preferred when the Ni composition in gas–phase cluster is 
low and vice versa. This change in preference of the elemental identity of the 
coordinating atoms suggests that the migration direction of hydroxide and hydrides 
depends on the composition of the metal present in the cluster. However, for the 
physisorption of water on the graphene–supported clusters, Ni is also the preferred 
coordinating element, thus a change in the migration of ions could be expected in the 
supported cluster. This showed that by adjusting the electron transfer, the reaction 
pathways can be affected. On the other hand, I can also conclude that the adjustments 
on the electron density on the metal cluster could also affect the cluster–graphene 
binding in a similar way. 
The chemisorption state of water, where the cluster has both hydroxide and hydride 
adsorbed on the same atom, is confirmed to be more stable than its corresponding 
physisorption state in my study, and I find that the electron transfer could significantly 
affect the stability and the coordination preference of this state, since two electron–
withdrawing adsorbates are competing for electrons when chemisorbed on the metal 
cluster. This suggests that energetics of the formation of physisorbed water from its 
corresponding chemisorption state could be adjusted by changing the electron transfer 
occurring on the metal cluster, either through addition of a substrate support or an 
adsorbate. 
This work, together with what I have found in Chapter 3 and 4, provides a 
fundamental background for the next chapter where all these thermodynamic results 
will be used to map out two possible oxygen reduction reaction pathways and then the 
kinetics of each step will be studied in more detail. 
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Chapter 6 Thermodynamic and Kinetic Studies of Oxygen Reduction 
Reaction 
6.1 Introduction 
Since the discovery of platinum as an efficient heterogeneous catalyst for the oxygen 
reduction reaction in the early 1800s, this catalyst has been widely used in many 
industrial processes
1
. The thorough understanding of changes occurring in this 
reaction is thus critical especially with the aim to find a cheaper and more efficient 
alternative to the pure platinum
2–4
. Hence, in this chapter, I will look at all the 
elementary steps involved in the oxygen reduction reaction. 
Various approaches have been used to study this process on a platinum surface
5–7
. At 
the moment, two mechanisms have been proposed
8–10
. Most of the steps in these two 
proposed mechanisms are similar. However, whether or not a peroxide is formed is 
debated
11,12
 – in one mechanism, peroxide is formed first before the oxygen–oxygen 
bond dissociates to give an oxide and hydroxide, while in the other, the oxygen 
dissociates first to give two oxide ions before one of them accepts a hydride to give a 
hydroxide. Even though large numbers of both experimental
13,14
 and theoretical 
studies
15–18
 have been carried out, there is no convincing evidence to conclude which 
is the more probable mechanism. It is possible that both mechanisms may have 
occurred at the same time and these two are just competing processes on the metal 
surface.  
I are interested in the oxygen reduction reaction catalysed by a metal cluster, I will 
evaluate the two possible pathways that may occur on the metal cluster to find out 
more about the factors that affect the efficiencies of the catalyst.  
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6.2 Results and Discussion 
As discussed earlier, the main difference between these two reduction reaction 
pathways is whether peroxide is formed on the metal surface before the dioxygen 
species get reduced, or the dioxygen species dissociates first before it is attached to a 
hydride. Thus, the stability of a cluster with an adsorbed peroxide ion is an important 
consideration in tracing the oxygen reduction reaction pathway. Hence, in this chapter, 
I will first look at the stability of the clusters with adsorbed peroxide ions. With the 
energetics of the peroxide adsorption, I can then evaluate the two reaction pathways in 
terms of the thermodynamic considerations and the kinetic considerations. In the 
thermodynamic study of the reaction pathways, I will focus more on the energy 
changes in each elementary step in both pathways and thus I can determine the impact 
of the cluster composition and the electron transfer on the thermodynamics of these 
two competing pathways. I will then look at each of the elementary reaction steps in 
more detail, with a gas–phase Pt4 cluster as the model cluster, to further probe the 
detailed changes occurring in each elementary reaction step. Thus, I can then 
understand more about the factors contributing to the activation energy of each 
reaction step and hence suggest ways to further optimise each of these steps. 
6.2.1 Adsorption of Peroxide 
Even though the adsorption configuration of peroxides on metal clusters has not been 
characterised by experimental methods, some theoretical work suggested that the 
peroxide binds to the cluster in a one–fold coordination mode through one oxygen 
atom
19
. Thus, I will limit my search for stable structures of clusters with adsorbed 
peroxide based on one–fold coordination mode. I then determined the energies of 
clusters with adsorption peroxide and calculated adsorption energy (Eads) as the 
difference between the metal cluster with adsorbed peroxide and a system with a 
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clean cluster and a gas–phase peroxo radical. A more positive Eads value indicates a 
stronger binding between the peroxide and the metal cluster and thus the system is 
more stable. The adsorption energy values of different gas–phase metal clusters with 
adsorbed peroxide are tabulated in Table 6.1, together with the metal–oxygen distance 
(lM–O), oxygen–oxygen distance (lO–O), oxygen–hydrogen distance (lO–H).  I also 
quantify the charge transfer by calculating: electron transfer to the peroxide ( OOH ); 
electron transfer to the two oxygen atoms in the peroxide ( OO ); and intra–cluster 
electron transfer (
OOH
Pt ).  I will see later why these quantities are relevant in 
understanding the thermodynamics and kinetics. 
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Table 6.1 Gas–Phase Clusters with Adsorbed Peroxide Ion 
cluster 
composition 
coordinating 
atom 
Eads / eV lM–O / Å lO–O  / Å lO–H / Å OOH  OO  
OOH
Pt  
Pt4 Pt 2.37 1.94 1.46 0.99 0.360 0.718 –0.360 
Pt3Ni Pt 2.46 1.93 1.49 0.98 0.388 0.744 0.186 
 Ni 2.22 1.76 1.45 0.99 0.452 0.782 0.234 
Pt2Ni2 Pt 2.33 1.96 1.50 0.98 0.439 0.789 0.343 
 Ni 2.24 1.75 1.46 0.98 0.490 0.827 0.503 
PtNi3 Pt 2.21 1.97 1.50 0.98 0.484 0.831 0.097 
 Ni 2.54 1.76 1.48 0.98 0.551 0.908 0.507 
Ni4 Ni 2.58 1.76 1.48 0.98 0.582 0.930 NA 
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From the results, I observe that adsorption of peroxide ion on a Pt atom is favoured 
when the composition of Ni in the cluster is low. This trend has been observed during 
the adsorption of oxides and hydroxides as well, and it suggests that the adsorption of 
oxygen containing species is largely affected by the Ni composition. Adsorption 
occurs preferentially energetically on cluster atoms of the element that is present in 
larger proportion. Thus, the overall adsorption energy, determined by the most stable 
adsorption structure, will decrease first and then increase when the Ni composition in 
the cluster increases from Pt4 to Ni4. The decrease in the stability of the cluster with 
peroxide adsorbed on a Pt atom with respect to the stability of the cluster with 
peroxide adsorbed on a Ni atom can be explained with two reasons. One is that the 
Pt–oxygen bonding between the cluster and the peroxide becomes weaker with an 
increase in the Ni composition since the metal–oxygen distance increases while the 
Ni–oxygen bonding remains relatively constant as indicated by the almost constant 
Ni–oxygen distance.  As seen in previous chapters the intra–cluster binding weakens 
with adsorption.  This weakening becomes more significant in clusters with greater Ni 
composition. In the Pt3Ni cluster with peroxide adsorbed on a Pt atom, the change in 
the localised electrons on Pt as compared to a gas–phase clean Pt3Ni cluster is 0.356 
which can be calculated as 0.186 – 0.542  with the later quantity taken from Table 3.1 
in Chapter 3. Similarly when the peroxide ion adsorbs on a Ni atom, the change is 
0.308 thus the difference between the changes in the intra–cluster electron transfer is 
0.048, which is relatively small. However, in Pt2Ni2 clusters, the difference in the 
changes in the localised charge is 0.160 and it increases further to 0.410 in PtNi3 
clusters. As a result, I can see the weakening of the intra–cluster binding increases 
when the Ni composition increases. Hence, it shows that intra–cluster binding also 
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plays a significant role in the determining the preference in terms of elemental 
identity of the coordinating atoms. 
This change in the elemental preference of the coordinating atom could possibly 
explain the volcano–like trend for the oxygen reduction reaction catalysis3, which was 
observed in experiments where reactivity increases first and then decreases when the 
platinum composition in the catalyse decreases. I reason that when the adsorption 
energy of the reaction intermediate is small, these reaction intermediates bind to the 
metal clusters less strongly and thus can migrate and react with other reaction 
intermediates more easily. This will be further supported by the thermodynamic 
analysis of the reaction pathway which will be discussed in the next section.  
Furthermore, the greater activation of oxygen–oxygen bond is also observed in the 
cluster with greater Ni composition. With increasing Ni composition, a greater 
amount of electrons is transferred into the anti–bonding orbital of the peroxide and 
thus the oxygen–oxygen bond is weakened, which is indicated by an increase in the 
oxygen–oxygen bond distance from 1.46 Å to 1.50 Å when the peroxide is adsorbed 
on a Pt atom. The oxygen–oxygen distance changes from 1.45 Å to 1.48 Å when it is 
adsorbed on a Ni atom.  
Moreover, when the amount of localised electrons in the two oxygen atoms of the 
clusters with adsorbed peroxide is compared to that of the clusters with adsorbed 
oxygen, I observe that there is a greater amount of electrons residing in the two 
oxygen atoms in the clusters with adsorbed peroxide. This is correlated with an 
increase in the oxygen–oxygen distance. For comparison, in the clusters with 
adsorbed dioxygen species in both peroxo binding configurations, the oxygen–oxygen 
distance is much shorter and ranges from 1.36 Å to 1.43 Å, whereas in the clusters 
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with adsorbed peroxide, this distance increases to the range of 1.45 Å to 1.50 Å. This 
suggests that in the process of peroxide formation from the adsorbed dioxygen species, 
the oxygen–oxygen bond is further activated and thus it gets weaker. I will further 
study the impact of this change on the overall reaction kinetics in Section 6.2.3. 
Similar analysis is carried out on the supported clusters with adsorbed peroxide to 
find out more about the effect of electron transfer on the adsorption energy of 
peroxide and the activation of the oxygen–oxygen bond in the peroxide ion. 
I tabulated the adsorption energy of peroxide (Eads) in Table 6.2, together with metal–
oxygen distance (lM–O), oxygen–oxygen distance (lO–O), oxygen–hydrogen distance 
(lO–H), electron transfer to the peroxide ( OOH ), electron transfer to the two oxygen 
atoms in the peroxide ( OO ), intra–cluster electron transfer (
OOH
Pt ) and electron 
transfer to graphene ( C ). 
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Table 6.2 Supported Clusters with Adsorbed OOH 
cluster 
composition 
graphene binding 
orientation 
coordinating 
atom to OOH 
Eads / eV lM–O / Å lO–O  / Å lO–H / Å OOH  OO  C  
OOH
Pt  
Pt4 face–on(Pt3) Pt 1.65 1.93 1.47 0.98 0.383 0.738 0.230 –0.613 
 edge–on(Pt2) Pt 2.08 1.95 1.47 0.99 0.408 0.760 0.033 –0.440 
Pt3Ni face–on(Pt2Ni) Pt 1.78 1.93 1.47 0.98 0.389 0.742 0.388 –0.214 
 face–on(Pt3) Ni 0.92 1.75 1.47 0.98 0.488 0.844 0.263 –0.278 
 edge–on(PtNi) Pt 2.04 1.96 1.47 0.99 0.423 0.774 0.152 –0.020 
 edge–on(Pt2) Pt 1.31 1.97 1.47 0.99 0.423 0.774 0.097 –0.314 
 edge–on(Pt2) Ni 1.97 1.49 1.49 0.98 0.538 0.894 0.061 0.080 
Pt2Ni2 face–on(PtNi2) Pt 1.73 1.94 1.47 0.98 0.402 0.755 0.561 –0.018 
 face–on(Pt2Ni) Ni 2.02 1.78 1.49 0.98 0.538 0.896 0.258 0.448 
 edge–on(Ni2) Pt 1.99 1.95 1.49 0.98 0.446 0.795 0.257 0.313 
 edge–on(PtNi) Pt 1.34 1.98 1.48 0.98 0.465 0.813 0.201 –0.081 
 edge–on(PtNi) Ni 1.98 1.78 1.50 0.98 0.558 0.912 0.182 0.377 
 edge–on(Pt2) Ni 1.31 1.81 1.50 0.98 0.556 0.915 0.131 0.059 
PtNi3 face–on(Ni3) Pt 1.52 1.96 1.47 0.98 0.412 0.765 0.757 0.059 
 face–on(PtNi2) Ni 0.93 1.76 1.47 0.98 0.510 0.865 0.592 0.052 
 edge–on(Ni2) Pt 1.26 1.98 1.49 0.98 0.489 0.834 0.335 0.056 
 edge–on(Ni2) Ni 1.94 1.77 1.50 0.98 0.567 0.920 0.355 0.511 
 edge–on(PtNi) Ni 1.02 1.78 1.49 0.98 0.567 0.919 0.239 0.089 
Ni4 face–on(Ni3) Ni 2.09 1.79 1.48 0.98 0.571 0.924 0.749 NA 
 edge–on(Ni2) Ni 2.19 1.78 1.50 0.98 0.605 0.955 0.419 NA 
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Comparing with the gas–phase clusters, similar trends are observed in the supported 
clusters. There is a direct relationship between the electron transfer to the peroxide 
and the oxygen–oxygen distance in the peroxide. This can be confirmed by two 
observations. One is that the increase in the Ni composition leads to an increase in the 
oxygen–oxygen distance. I expect this since Ni is less electronegative and thus allows 
more electrons to be transferred from the metal cluster. For example, in the Pt4 and 
Pt3Ni clusters, the oxygen–oxygen distance is 1.47 Å and the electron transfer to the 
peroxide ranges from 0.383 to 0.423 when it is bonded to Pt, while the oxygen–
oxygen distance increases to 1.49 Å in PtNi3 clusters with electron transfer that ranges 
from 0.446 to 0.489.  The other observation is that when the cluster adopts an edge–
on orientation on graphene, the oxygen–oxygen distance is longer due to less 
electrons being transferred from the clusters to graphene and more are available for 
transferring into the peroxides. Hence, it suggested that by adjusting the electron 
transfer, the activation of the oxygen–oxygen bond in the peroxide can be tuned. This 
is important especially when I analyse the process of dissociation of the peroxide into 
oxide and hydroxide later because the more the oxygen–oxygen bond is activated, the 
less is the activation energy for the dissociation of peroxide, as this process involves 
primarily dissociation of the oxygen–oxygen bond.  
The adsorption energy of peroxide on the supported clusters is much lower than 
adsorption on the gas–phase clusters. This is due to the weakening of the cluster 
binding on the support. This is indicated by the decrease in the electron transfer from 
the metal cluster to the graphene. Moreover, the intra–cluster binding is further 
weakened in the supported cluster, which is confirmed by the drop in the intra–cluster 
electron transfer.  
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In terms of the preferred elemental identity of the coordinating atom, Ni is preferred 
when the cluster binds to the support through the same pair of atoms in all edge–on 
clusters. Interestingly, the relative stability is lower for adsorption on a Pt atom 
compared to adsorption on a Ni atom by about 0.66 eV to 0.68 eV, almost 
independently of the cluster composition. However, the most stable Pt3Ni cluster has 
the peroxide adsorbed on a Pt atom because of the stronger binding of the cluster on 
the graphene through a pair of Pt and Ni atoms as compared to binding to the support 
through two Pt atoms.  
This study on the supported clusters with adsorbed peroxide confirms that the 
adsorbed peroxide is a stable species with respect to its desorbed form. The further 
activation of oxygen–oxygen bond in the adsorbed peroxide ions indicates that the 
reaction pathway through formation of peroxide may be favoured kinetically. I will 
discuss the thermodynamic considerations for the formation of peroxide ions from 
hydride and adsorbed dioxygen species in the next section where all the energy 
changes for each fundamental step are considered. 
6.2.2 Thermodynamic Consideration of Oxygen Reduction Reaction Pathway 
After I have looked at all the reaction intermediates in earlier chapters, it is time for 
me to take a closer look at the energy changes in each of the reaction steps. I will first 
look at both reaction pathways as described in Section 6.1.  The 7 steps in the 
peroxide formation pathways are shown below for easy reference. In these equations, 
M4 presents a clean metal cluster, while M4–X refers to a metal cluster with adsorbate 
X; for example, M4–H2 refers to a metal cluster with one adsorbed hydrogen molecule.  
The acronym for each step is indicated in the bracket behind and it is used in the 
subsequent tables for easy comparison. 
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Step 1: Hydrogen Adsorption (H2ads): M4 + H2  M4–H2; 
Step 2: Oxygen Adsorption (O2ads): M4 + O2  M4–O2; 
Step 3: Hydride Formation (Hform): M4–H2 + M4  2M4–H; 
Step 4: Peroxide Formation (OOHform): M4–O2 + M4–H  M4–OOH + M4; 
Step 5: Peroxide Dissociation (OOHdiss): M4–OOH + M4  M4–O + M4–OH; 
Step 6: Water Formation (H2Oform): M4–H + M4–OH  M4–H2O + M4 
Step 7: Water Desorption (H2Odes): M4–H2O  M4 + H2O 
Only Step 4 and Step 5 are different in the direction oxygen dissociation pathway and 
these two steps are shown below: 
Step 4’: Oxygen Dissociation (O2diss): M4–O2 + M4  2M4–O 
Step 5’: Hydroxide Formation (OHform): 2M4–O + M4–H  M4–O + M4–OH 
The energy changes (∆E) in eV of each step are calculated by taking the difference 
between the sum of the absolute energy of the products and the sum of the absolute 
energy of the reactants in the above equations. All the calculated values are tabulated 
in Table 6.3 and Table 6.4, for peroxide formation pathway and direct oxygen 
dissociation pathway, respectively. It is important to note that in the earlier 
discussions, I refer to the adsorption energy as a positive number for ease of 
comparison – that is, I only need to consider the magnitude.  In this section I will use 
the usual sign conventional, i.e., a positive energy change corresponds to an 
endothermic process while a negative energy change corresponds to an exothermic 
process. Since all the adsorption energies are exothermic due to the bond formation 
between the metal cluster and the adsorbate, all the adsorption energies should carry a 
negative sign in subsequent discussions. 
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Table 6.3 Energy Changes in the Peroxide Formation Pathway on Gas–Phase 
Clusters 
cluster 
composition 
H2ads /eV O2ads /eV Hform 
/eV 
OOHform 
/eV 
OOHdiss 
/eV 
H2Oform 
/eV 
H2Odes 
/eV 
Pt4 –1.65 –2.14 –0.10 0.28 –2.37 0.88 0.61 
Pt3Ni –1.72 –1.89 –0.14 0.31 –2.31 0.88 0.79 
Pt2Ni2 –1.23 –2.26 –0.74 0.92 –2.93 0.89 0.76 
PtNi3 –0.87 –2.58 –0.41 0.69 –3.17 0.75 0.71 
Ni4 –0.78 –2.64 –0.48 0.65 –3.37 0.92 0.71 
 
Table 6.4 Energy Changes in the Direct Oxygen Dissociation Pathway on Gas–
Phase Clusters 
cluster 
composition 
H2ads 
/eV 
O2ads 
/eV 
Hform 
/eV 
OOdiss 
/eV 
OHform 
/eV 
H2Oform 
/eV 
H2Odes 
/eV 
Pt4 –1.65 –2.14 –0.10 –1.49 –0.60 0.88 0.61 
Pt3Ni –1.72 –1.89 –0.14 –1.32 –0.32 0.88 0.79 
Pt2Ni2 –1.23 –2.26 –0.74 –1.95 –0.67 0.89 0.76 
PtNi3 –0.87 –2.58 –0.41 –2.21 –0.05 0.75 0.71 
Ni4 –0.78 –2.64 –0.48 –2.40 –0.26 0.92 0.71 
 
In the peroxide formation pathway, I observe that there are 3 endothermic processes, 
which are: (1) formation of peroxide from an adsorbed dioxygen species and an 
adsorbed hydride; (2) formation of water molecule from an adsorbed hydride and an 
adsorbed hydroxide; and, (3) desorption of water from the metal cluster. In all these 
three processes, the energy required for reactions on Pt4 cluster is the smallest 
compared to other composition. This is consistent with the experiment that a largest 
percentage composition of Pt is required for the catalyst to be effective. In many 
experimental studies, the most efficient catalyst contains about 80% to 90% of Pt in 
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the alloy. To have a better understanding of the impact of the cluster composition on 
the energy changes in each step, I will look at these three steps individually.  
First, I will look at the formation of adsorbed peroxide. The trend that I observed is 
that the energy change becomes more endothermic first and then more exothermic 
when the Ni composition in the cluster increases from zero. This comes about as a 
consequence of how the adsorption energy depends upon cluster composition for 
peroxide, dioxygen species and hydride.  
In the earlier discussions on the gas–phase clusters with adsorbed peroxide, I found 
that the binding strength of the peroxide decreases with an increase in the Ni 
composition when the peroxide adsorbs on the Pt atom but when it adsorbs on a Ni 
atom, the adsorption energy increases.  This results in a change in the preference in 
the elemental identity of the coordinating atoms. Due to this change, the adsorption 
energy of peroxide on Pt2Ni2 cluster is the least exothermic and thus this product is 
relatively less stable. However, this may not be the major factor since the difference 
between the adsorption energy of peroxide on Pt4 and Pt2Ni2 clusters is only 0.13 eV. 
The other factor is the relatively high adsorption energy of the hydride on Pt2Ni2 
cluster and it is much more exothermic than that on the PtNi3 and Ni4 clusters. 
However, it is only slightly less exothermic than that on the Pt3Ni cluster, by 0.02 eV. 
The great difference in the hydride binding energy between Pt2Ni2 (0.92 eV) and 
PtNi3 (0.31 eV). This is expected as I have discussed previously in Chapter 5 that this 
hydride bonding is weakened by an increase in the Ni composition. Thus, breaking of 
metal–hydride bond is not favoured in Pt2Ni2 clusters and it is more favoured 
energetically in clusters with higher Ni composition.  
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When the dioxygen species is considered, the adsorption energy of on Pt2Ni2 cluster is 
more exothermic than that on a Pt4 or Pt3Ni cluster, because the dioxygen species 
binds more favourably on a Ni atom. The adsorption energy increases significantly 
from 1.89 eV in a Pt3Ni cluster to 2.26 eV in the Pt2Ni2 cluster. This increment can be 
attributed to the change in the elemental identity of the coordinating atoms, since 
when the dioxygen species is adsorbed on a Pt2Ni2 cluster through a pair of Pt and Ni 
atoms, corresponding to the most stable configuration of Pt3Ni cluster, the adsorption 
energy is 1.91 eV which is only 0.02 eV higher. Thus, the change in the elemental 
identity of the coordinating atom causes the Pt2Ni2 to be the least favoured 
composition for the formation of adsorbed peroxide on the metal cluster.  
Both water formation and water desorption processes are common in two oxygen 
reduction pathways. In the water formation process, the Pt3Ni cluster is favoured due 
to its less positive energy change of 0.75 eV, while the difference in the energy 
change among the other four cluster composition is small with the energy change 
ranging from 0.88 eV to 0.92 eV. I then analyse this process further and separate it 
into two different stages, one is the migration of hydride or hydroxide to the same 
coordinating atom and the other is the conversion of chemisorbed water into 
physisorbed water. For the former stage, the energy changes are 0.44 eV, 0.63 eV, 
1.13 eV, 0.43 eV and 0.34 eV respectively for Pt4, Pt3Ni, Pt2Ni2, PtNi3 and Ni4 
clusters, while the energy changes for the latter stage are 0.44 eV, 0.25 eV, –0.24 eV, 
0.33 eV and 0.58 eV respectively. Two opposite trends of energy changes are 
observed. The energy changes for migration increase first from 0.44 eV to 1.13 eV 
and then decreases to 0.43 eV when the composition of Ni in the cluster increases. 
This trend is largely contributed by the change in the adsorption energies of 
chemisorbed water on mixed metal clusters, where chemisorbed water bond to the 
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Pt2Ni2 cluster with least binding strength. In chapter 5, I have looked at it in detail and 
attributed it to the less stable binding configuration of hydride in this metal cluster. 
Due to the significant electron withdrawing effect of the adsorbed hydroxide, the 
electron density on the Pt atom is insufficient to stablilize the bonding between itself 
and the hydride. This hypothesis was further confirmed by the supported clusters 
which are more electron deficient due to the contribution of electrons from the cluster 
to the support. Due to this weak binding between the metal cluster and hydride in 
Pt2Ni2 cluster, the chemisorbed state is not as stable as the physisorbed state. Thus, I 
may not be able to observe this chemisorbed state of water on the Pt2Ni2 cluster since 
the hydride could directly migrate onto a nearly adsorbed hydroxide to form the 
physisorbed water, provided that the activation energies for these two are comparable. 
This observation also suggested that the change in the electron transfer could possibly 
alter the reaction pathways as it can change the relative stability of the chemisorbed 
and physisorbed state of water. When conversion from the chemisorbed state to the 
physisorbed state is considered, the energy change decreases first from 0.44 eV in Pt4 
cluster to   –0.24 eV in Pt2Ni2 cluster and then increases to 0.58 eV in Ni4 cluster. The 
initial decrease in the energy change is due to the weaker binding between the 
chemisorbed water and the metal cluster and the weak binding of the hydride on the 
metal cluster when Ni composition increases. However, in both PtNi3 cluster and Ni4 
cluster, the adsorbed hydride is stabilised by two Ni atoms and this leads to a stronger 
binding between the metal cluster and hydride. Furthermore a change in the elemental 
preference of the coordination atom can also contribute to the volcano–like trend of 
the energy changes, since the binding on a Pt atom is getting weaker while the binding 
on a Ni atom is getting stronger when water is chemisorbed on the metal cluster. The 
opposite trends of energy changes in these two stages explained the relatively constant 
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energy changes for the formation of physisorbed water from an adsorbed hydride and 
an adsorbed hydroxide. 
The last process is desorption of water from the metal cluster. Even though all the 
energy changes are positive and range from 0.61 eV to 0.79 eV, these desorption 
energies are much less positive when compared to desorption of oxygen and hydrogen 
molecule or desorption of any other intermediates, such as hydrides, hydroxides and 
peroxides. This confirms that the product, water molecule, could desorb from the 
metal clusters preferentially compared to the reactants and other reaction 
intermediates. When energy change in this step is compared to that of formation of 
peroxide from hydride and dioxygen species, it is more positive. Thus, this step is a 
more important consideration as compared to the formation of peroxide. Hence, I 
cannot rule out the possibility of peroxide formation pathway based on 
thermodynamic factors, even though it is more endothermic than the direct 
dissociation of dioxygen. It is then important for me to evaluate the feasibility of these 
two different possible pathways based on the reaction barriers. Before I move on to 
the activation energy of these different steps, I will look at the impact of electron 
transfer on thiese energy changes based on the supported clusters. The energy changes 
for the corresponding steps are summarised in Table 6.5 and Table 6.6 for the 
peroxide formation pathway and direct oxygen dissociation pathway respectively. 
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Table 6.5 Energy Changes in the Peroxide Formation Pathway on Supported 
Clusters 
cluster 
composition 
H2ads 
/eV 
O2ads 
/eV 
Hform 
/eV 
OOHform 
/eV 
OOHdiss 
/eV 
H2Oform 
/eV 
H2Odes 
/eV 
Pt4 –1.28 –1.81 –0.16 0.28 –2.02 0.55 0.51 
Pt3Ni –1.33 –2.01 0.36 0.04 –2.07 0.12 0.73 
Pt2Ni2 –1.39 –1.92 0.14 0.07 –2.06 0.31 0.65 
PtNi3 –0.50 –1.43 –0.16 –0.21 –1.98 0.02 0.54 
Ni4 –0.66 –2.07 –0.11 0.15 –3.18 0.45 0.46 
Table 6.6 Energy Changes in the Direct Oxygen Dissociation Pathway on 
Supported Clusters 
cluster 
composition 
H2ads 
/eV 
O2ads 
/eV 
Hform 
/eV 
OOdiss 
/eV 
OHform 
/eV 
H2Oform 
/eV 
H2Odes 
/eV 
Pt4 –1.28 –1.81 –0.16 –1.07 –0.67 0.55 0.51 
Pt3Ni –1.33 –2.01 0.36 –1.13 –0.90 0.12 0.73 
Pt2Ni2 –1.39 –1.92 0.14 –1.11 –0.88 0.31 0.65 
PtNi3 –0.50 –1.43 –0.16 –1.13 –1.06 0.02 0.54 
Ni4 –0.66 –2.07 –0.11 –2.41 –0.62 0.45 0.46 
 
From the results, I observe that in general the energy changes are smaller in 
magnitude when reactions occur on supported clusters. I have shown in earlier 
chapters that the graphene support causes the reduction in energy primarily by two 
factors. One is the smaller amount of electrons transferred into most of the adsorbates 
with the only exception of physisorbed water. The other is the weakening of the 
binding between the metal cluster and graphene support upon adsorption of the 
reaction intermediates. Both factors arise due to the competition for electrons from the 
metal clusters by the adsorbates and the graphene support. Hence, the relative stability 
of the intermediates adsorbed on the supported clusters is lower compared to that on 
the gas–phase clusters. The direct impact is that the energy change for the formation 
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of peroxide in the first pathway is much lower. Especially in PtNi3 cluster, the 
adsorbed peroxide becomes more favourable than the adsorbed hydride and adsorbed 
dioxygen species, since energy change for peroxide formation is negative. This 
confirms that the electron transfer can be used to adjust the relative stability of the 
adsorbed intermediates and thus affect the overall reaction energetics.  
The intermediate that is most sensitive to the change in the electron transfer is 
adsorbed hydride. First, the energy change for the formation of hydride from the 
adsorbed hydrogen molecule is much less negative in most cases. In Pt3Ni and Pt2Ni2 
clusters, a positive energy change is observed. This shows that adsorbed hydride is 
less stable than the adsorbed hydrogen. Second, the lower stability of the adsorbed 
hydride allows it to react with dioxygen more readily thus a much lower energy 
change is observed for the formation of peroxide. Moreover, in the process of 
formation of water from hydride and hydroxide, a similar impact is observed where 
the energy change is much less endothermic. 
In both pathways, desorption of water is the most endothermic process, and the 
desorption energy is also smaller than that of other reactants and intermediates. This 
confirms that physisorbed water will be formed on the metal cluster before any 
intermediates are desorbed.  More importantly, this desorption energy is not affected 
much by the support. I reasoned that unlike other adsorbates, physisorbed water 
donates electrons to the metal cluster and there is little competition for electrons 
between the physisorbed water and the graphene support. The change in the 
adsorption energy was due to weakening of the intra–cluster binding as what I have 
discussed in Chapter 5. 
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In this thermodynamic study of both reaction pathways, I confirm that both pathways 
could have taken place and electron transfer could be used to adjust the energetics of 
the reaction. More specifically, the electron–withdrawing support could help reduce 
the stability of the adsorbed hydride thus make the formation of peroxide and water 
become more favourable. The change in the composition of the cluster has three 
effects. One is that with Ni being more electronegative, it allows greater electron 
transfer to the adsorbates. Second is that it provides alternative coordination sites for 
the adsorbates and in some cases, the change in the preferred elemental identity of the 
coordinating atom is observed. Third, the intra–cluster binding will be changed due to 
the additional Ni present in the metal cluster. The first two effects have an opposite 
impact on the reaction energetics as compared to the third. Thus, a unique trend is 
observed with the change in the Ni composition, which does not help me confirm the 
more favourable reaction pathway and further study on the kinetic considerations 
could be more important when the two reaction pathways are compared. 
6.2.3 Kinetic Consideration of Oxygen Reduction Reaction Pathway 
In this kinetic study, the nudged elastic band (NEB) method is used to determine the 
activation energies of various processes. This method is computationally demanding, 
especially when a few hundreds of iterations are required to determine a more 
accurate activation energies. I studied the two reaction pathways using Pt4 cluster as 
an example, and all the elementary steps of oxygen reduction reaction have been 
studied separately. For all the studies in this section, I will illustrate the progressive 
structural changes of each elementary step with 9 images along the reaction 
coordinate. These images are arranged with the same perspective and labelled from 1 
to 9.  
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1. Hydrogen Adsorption 
When studying the hydrogen adsorption, I placed a free hydrogen molecule at about 
5.35 Å away from the atop Pt atom of the cluster. It was then moved towards the 
metal cluster gradually. 9 images were used for this study and this process is 
illustrated in Figure 6.1. The energy change of each image with respect to the first 
image (∆E) is tabulated together with the distance between two hydrogen atoms (lH–H) 
and the distance between Pt and hydrogen molecule (lPt–H) in Table 6.7. 
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Figure 6.1 Adsorption of a Hydrogen molecule on a Pt4 Cluster 
 
Table 6.7 Energy and Structural Changes during Hydrogen Adsorption 
Image 1 2 3 4 5 6 7 8 9 
∆E / eV 0 –0.02 –0.04 –0.06 –0.14 –0.58 –1.32 –1.67 –1.67 
lH–H / Å 0.75 0.75 0.75 0.75 0.76 0.80 1.22 1.93 1.94 
lPt–H / Å 5.35 4.76 4.17 3.52 2.85 2.10 1.62 1.56 1.57 
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Our results are consistent with those studies on adsorption of hydrogen on platinum 
surface that the activation energy is zero. Hence, this step can occur quite readily. 
From the above results, a weak interaction between the hydrogen molecules and metal 
cluster is observed initially. Up to image 4, the hydrogen molecules are still intact as 
shown by the relatively constant hydrogen–hydrogen of 0.75 Å. When the hydrogen 
molecules are 2.85 Å away from the metal cluster, the interaction between hydrogen 
and metal cluster is getting stronger and the energy released from this interaction 
starts to activate the hydrogen–hydrogen bond in the hydrogen molecule. Since the 
energy of all the images is lower than that of the first image, I cannot define a 
transition state. Hence, I will consider image 7 as one of the transient species where 
the hydrogen molecule is half–broken. From this image, I found that the energy 
released from the hydrogen–metal interaction is sufficient high enough to overcome 
the bond dissociation energy of a hydrogen–hydrogen bond. This result is expected 
since in Chapter 5, I found that the adsorption energy of a hydride on a Pt4 cluster is 
2.94 eV while the bond dissociation energy of the hydrogen–hydrogen bond is 4.48 
eV. This is less than twice the adsorption energy of a hydride, because in this case, I 
can consider that two hydrides are adsorbed on the metal cluster. When considering 
clusters with other compositions, I do expect the activation energies are also close to 
zero since the dominating metal–hydride adsorption energy in all compositions is 
greater than 2.24 eV, half of the hydrogen–hydrogen bond dissociation energy. 
Furthermore, adsorption of a hydrogen molecule on a Ni atom is physisorption and no 
activation of hydrogen–hydrogen bond is required. Thus, in Ni4 clusters, the 
activation energy should be also close zero. Hence, adsorption of hydrogen molecule 
is a kinetically feasible step, regardless of the metal composition and elemental 
identity of the coordinating atoms.  
Chapter 6 Oxygen Reduction Reaction 
146 
 
2. Oxygen Adsorption 
Since oxygen molecules can adsorb on the metal clusters in three different 
configurations, I studied all the three different adsorption configurations and found 
zero activation energy for all the three adsorption configurations. Interestingly, I also 
found the possible inter–conversion from one configuration to another in this study.  
First, I will look at the adsorption in superoxo configuration. The structures of the 9 
images are shown in Figure 6.2.  The energy changes of each image with respect to 
the first image (∆E) is also tabulated with the oxygen–oxygen distance (lO–O) and 
distance between Pt and the coordinating oxygen in Table 6.8. 
 
Figure 6.2 Adsorption of Oxygen Molecule on a Pt4 Cluster (configuration a) 
Chapter 6 Oxygen Reduction Reaction 
147 
 
Table 6.8 Energy and Structural Changes during Oxygen Adsorption 
(configuration a) 
Image 1 2 3 4 5 6 7 8 9 
∆E / eV 0 –0.32 –0.35 –0.50 –1.54 –1.97 –1.64 –2.03 –1.64 
lO–O / Å 1.25 1.25 1.25 1.25 1.27 1.36 1.30 1.38 1.30 
lPt–O / Å 5.35 4.73 3.98 3.08 1.92 1.94 1.92 1.99 1.95 
 
When oxygen molecule adsorbs on the metal cluster in the image 5 where the 
dioxygen distance increased from 1.25 Å to 1.27 Å, no activation energy is required 
since the energy required to reduce the bond order of the oxygen–oxygen bond from 2 
to 1.5 is provided by the bond formation between the Pt and the disoxygen species. 
Inter–conversion between the superoxo coordination configuration to the peroxo 
coordination configuration is observed from image 5 to image 9. The activation 
energy required for this conversion is about 0.40 eV which corresponds to the relative 
energy difference between these two states. During the formation of adsorbed peroxo 
coordinated dioxygen species, the initial formation of the superoxo dioxygen species 
is similarly observed and it is then converted to the peroxo coordinated dixoygen 
species. In all the three processes, no activation energy is required. Hence, the results 
show that adsorption of oxygen on the metal cluster is kinetically favourable. 
Furthermore, inter–conversion of the coordination configuration is also kinetically 
feasible due to its relatively small activation energy.   
3. Hydride Formation 
Adsorbed hydride is one important intermediate which is formed after a hydrogen 
molecule adsorbs on a Pt atom. In these two competing water formation pathways, 
transferring hydride from one atom to another have been involved in two elementary 
steps, namely, peroxide ion formation from a dioxygen species and hydroxide 
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formation from an oxide. Thus, migration of hydride is one important consideration. I 
modelled this migration by considering transferring of a hydride from a state when a 
hydrogen molecule is just adsorbed on one Pt atom of the cluster to a state when both 
hydride ions are adsorbed on two individual Pt atoms.  From this NEB study, I found 
one reaction intermediate and two transition states for the formation of the two 
individually bounded hydrides. This process is illustrated in Figure 6.3. The energy 
changes of each image with respect to the first image (∆E), the hydrogen–hydrogen 
distance (lH–H), the distance between migrating hydride from the original Pt atom (lH–
Pt1) and the distance between migrating hydride from the target Pt atom (lH–Pt2) is 
summarised in Table 6.9. 
 
Figure 6.3 Hydride Formation on a Pt4 Cluster 
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Table 6.9 Energy and Structural Changes during Hydride Formation 
Image 1 2 3 4 5 6 7 8 9 
∆E /eV 0 0.00 0.01 0.24 0.14 0.53 0.42 0.31 0.31 
lH–H / Å 1.94 1.93 1.93 1.97 2.44 2.79 3.10 3.34 3.35 
lH–Pt1 / Å 1.57 1.57 1.57 1.55 1.68 2.40 3.05 3.31 3.30 
lH–Pt2 / Å 3.66 3.68 3.65 2.90 1.75 1.59 1.58 1.59 1.59 
 
From this process, I observed that initially reorientation of the two hydrides occurs 
from image 1 to image 3. The two adsorbed hydrides rotate so that the migrating 
hydride will face the target Pt atom. In the image 4, the migrating hydride starts to 
move away from the other hydride and get closer to the target Pt atom. In this process, 
the hydrogen–hydrogen bond get further activated. Since the hydride is still 
significantly away from the target Pt atom, the interaction between the migrating 
hydride and target Pt atom is insufficient to overcome the energy required for the 
further activation of hydrogen–hydrogen bond. Thus, it gives a transition state. In the 
image 5, the migrating hydride adsorbs in a two–fold coordination through a pair of Pt 
atoms on the cluster, where the bridged interaction of the hydride between two Pt 
atoms compensates partially the energy required for the activation of the hydrogen–
hydrogen bond. Since the hydride still prefers a one–fold coordination when adsorbed 
on a Pt atom, this two–fold coordination is only a local minimum which is a reaction 
intermediate in this migration process. In the next three images, the migrating hydride 
dissociates from the original Pt atom and at the same time, it forms a stronger 
interaction with the target Pt atom. Another transition state is located at image 6 
where the breaking of the bond between migrating hydride and original Pt atom has 
occurred. The total energy change is 0.31 eV. This endothermic energy change 
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showed that two hydrides prefer to bind on the same Pt atom. This can be explained 
by the favourable hydrogen–hydrogen interaction when the two hydrides are close 
enough to each other. At the same time, the Pt–hydride bond is also stronger when it 
is bonded to a single Pt atom since the hydrogen–Pt distance increases from 1.57 Å to 
1.59 Å in the process. The overall activation energy for this whole process is 0.53 eV. 
The origin of this activation energy is due to the breaking of the bonds between the 
migrating hydride and the original Pt atom. Based on my study on the adsorption of 
hydride, I postulate that the overall activation energy gets smaller when the 
composition of the Ni in the cluster increases, since the adsorption energy of hydride 
is lowered with greater amount of Ni in the cluster. Similarly since the adsorption 
energy of hydride is also lowered when the support is present, I also expect that the 
activation energy will be lowered when the cluster is supported by graphene. 
 
4. Peroxide Formation 
Peroxide is formed when a hydride is transferred to an adsorbed dioxygen species. I 
modelled this process using a cluster with both adsorbed hydride on one Pt atom and 
adsorbed dioxygen species on another Pt atom. In Chapter 4, I found that the peroxo 
coordinated configuration of dioxygen species is preferred. Dioxygen can be adsorbed 
on one metal atom or through two metal atoms. Hence, I studied this process with 
these two possible configurations. 
First I explored the system with a dioxygen species adsorbed through one single metal 
atom. The progressive change in the structure is illustrated in Figure 6.4. I also 
summarised the energy changes with respect to the starting image (∆E), dioxygen 
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distance (lO–O), the distance between the hydride and its closest Pt atom (lPt–H) and 
distance between the hydride and the receiving oxygen atom (lO–H) in Table 6.10.  
 
Figure 6.4 Peroxide Formation on a Pt4 Cluster 
 
Table 6.10 Energy and Structural Changes during Peroxide Formation 
Image 1 2 3 4 5 6 7 8 9 
∆E / eV 0 0.21 0.34 0.58 0.65 1.60 0.45 0.09 0.08 
lO–O / Å 1.35 1.37 1.38 1.35 1.29 1.40 1.47 1.49 1.49 
lPt–H / Å 1.58 1.56 1.67 1.66 1.57 1.67 2.73 3.09 3.28 
lO–H / Å 4.46 3.82 3.06 2.96 3.07 1.49 0.98 0.98 0.99 
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In this process, a few changes occurred. First, the hydride migrates towards the 
dioxygen species as shown in the image 1 to image 4. The migration of hydride is 
facilitated through a two–fold coordination intermediate as observed in the image 3 
before it is completely migrated to the Pt with adsorbed dioxygen species.  After 
which the dioxygen species changes its coordination to superoxo with one Pt–oxygen 
bond broken as shown in the image 5. Activation of the dioxygen bond occurred in 
the image 6 with a sharp increase in the dioxygen distance from 1.29 Å to 1.40 Å and 
the total energy of the system by 0.95 eV. The structure obtained in the image 6 is the 
transition state of the whole process where partial breaking of the oxygen–oxygen π 
bond occurred. The hydride moves closer to the dioxygen species and the distance 
between the two dropped from 3.07 Å to 1.49 Å. This allows formation of oxygen–
hydrogen bond to occur as what I have observed in the image 7. The whole system is 
stabilised by 1.15 eV due to the formation of the oxygen–hydrogen bond. In the image 
8 and 9, the system is reorganised to its most stable state with little change in 
dioxygen distance and the distance between the hydride and the receiving oxygen 
atom. The activation energy for this process is 1.60 eV which is due to breaking of the 
Pt–O bond and the π interaction within the dioxygen species, with the latter 
contributing almost two third of the overall activation energy. Thus, activation of π 
interaction within the dioxygen species is the most important consideration of the 
overall activation energy of this process. 
I found that inter–conversion between configuration of the adsorbed dioxygen can be 
achieved easily. I also considered migration of a hydride to a dioxygen species which 
adsorbs to the cluster through two Pt atoms. The change that occurred in this process 
is shown in Figure 6.5. I also summarise the energy change with respect to the first 
image (∆E),  dioxygen distance (lO–O), the distance between the hydride and its closest 
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Pt atom (lPt–H) and distance between the hydride and the receiving oxygen atom (lO–H) 
in Table 6.11. 
 
Figure 6.5 Peroxide Formation on a Pt4 Cluster 
 
Table 6.11 Energy and Structural Changes during Peroxide Formation 
Image 1 2 3 4 5 6 7 8 9 
∆E / eV 0 0.22 0.17 0.20 0.85 0.16 0.00 –0.01 –0.02 
lO–O / Å 1.39 1.37 1.29 1.28 1.33 1.46 1.46 1.46 1.46 
lPt–H / Å 1.60 1.57 1.58 1.57 1.62 2.51 3.22 3.50 3.51 
lO–H / Å 2.78 2.67 4.48 3.98 1.66 1.01 0.99 0.99 0.99 
 
In this process, migration of hydride does not occur first, but dioxygen adsorption 
configuration changes from peroxide to superoxo,  as shown from image 1 to image 3, 
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in which image 3 is a reaction intermediate. Reorientation of adsorbed hydride 
occurred in the image 4 which allows the hydride to get close to the adsorbed 
dioxygen species. The structure shown in the image 5 corresponds to the transition 
state, in which partial breaking of the π interaction within the dioxygen species starts 
to occur and the total energy of the system is increased by 0.45 eV. In the image 6, the 
π interaction within the dioxygen species is further weakened. However, at the same 
time, formation of the O–H bond has occurred which lowered the overall energy of 
the system. In the last three images, the system starts to reorganise to attain the most 
stable state. The product formed is actually more stable than the original reactant by 
0.02 eV. It is important to note that products obtained in both processes are exactly 
the same with the same energy. However, the starting structure of the first process is 
more stable since dioxygen prefers to adsorb onto a single Pt atom when the peroxo 
coordination configuration is formed. The activation energy for this process is 0.85 
eV which is due to breaking of the π interaction within the dioxygen species and it 
contributes slightly more than half of the overall activation energy. 
Comparing these two different processes, the second one has considerably lower 
activation energy even though its starting structure is not as stable as the first process. 
When the energy of the transition states of the two processes is compared, the 
transition state in the second process is more stable than the one in the first process by 
0.65 eV. The extra stability is due to a stronger interaction between the hydride and 
the Pt atom since the distance between these two are shorter, and a stronger π 
interaction within the dioxygen species since the extent of dissociation is much less in 
this transition state species. As I have discussed earlier, the inter–conversion between 
different dioxygen adsorption configurations is feasible due to the small energy 
difference and small activation energy required. Therefore, it is most probable that 
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formation of peroxide is through the structure of which the dioxygen is adsorbed onto 
two different Pt atoms since it has a much lower activation energy during the 
formation of peroxide. Even though in both processes, the superoxo configuration is 
formed first, the relative hydride position affects the overall stability of the transition 
state species.  
As a result, the overall activation energy for the formation of peroxide from an 
adsorbed hydride and adsorbed dioxygen species on a gas–phase Pt4 cluster is 0.85 eV 
as found in the second process. 
5. Peroxide Dissociation 
When peroxide is activated, it gives an adsorbed oxide and an adsorbed hydroxide. In 
this study, I attempted to map out the process when the oxide and hydroxide are 
adsorbed on two different Pt atoms in the cluster. There are two possibilities; one is 
that the OH of the adsorbed peroxide will bind to another Pt atom before the oxygen–
oxygen bond is broken, while the other is that the peroxide will first dissociate and 
then migrate to another Pt atom. My study reveals that the latter is preferred. This 
process is illustrated in Figure 6.6, while the energy change with respect to the first 
image is tabulated (∆E) in Table 6.12, together with dioxygen distance (lO–O), the 
distance between the oxide and Pt atom (lPt–O) and the distance between the hydroxide 
and the closest Pt atom (lPt–OH). 
Chapter 6 Oxygen Reduction Reaction 
156 
 
 
Figure 6.6 Peroxide Dissociation on a Pt4 Cluster 
 
Table 6.12 Energy and Structural Changes during Peroxide Dissociation 
Image 1 2 3 4 5 6 7 8 9 
∆E / eV 0 0.01 –1.05 –1.04 –0.94 –1.05 –1.61 –2.29 –2.30 
lO–O / Å 1.49 1.49 2.89 3.01 2.86 3.03 4.05 5.08 5.19 
lPt–O / Å 1.94 1.94 1.82 1.82 1.84 1.82 1.78 1.78 1.79 
lPt–OH / Å 2.74 2.70 2.00 2.00 2.00 1.99 1.99 1.93 1.92 
The overall activation energy for this process is almost zero, since the energy required 
to activate the oxygen–oxygen bond in the peroxide is provided by the bond 
formation between the hydroxide and the Pt atom as shown in the image 3 where a 
bond is formed between the hydroxide and the metal cluster. At the same time, the 
interaction between the oxide and the metal cluster is strengthened since the distance 
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between these two is shortened from 1.95 Å to 1.82 Å. Migration of hydroxide to 
another metal atom occurs later as shown in the image 6 and 7. Since adsorption of 
oxide and hydroxide on two Pt atoms is preferred, this process is spontaneous as 
indicated by the lowering of the total energy of the system. As a result, the activation 
of the oxygen–oxygen bond is easier when the peroxide is formed. 
6. Oxygen Dissociation 
In contrast to the dissociation of peroxide, the dioxygen species can also dissociate 
directly to give two adsorbed oxides. This process is illustrated in Figure 6.7. I also 
tabulated the energy changes with respect to the first image (∆E), dioxygen distance 
(lO1–O2) and two pairs of Pt–O distances (lPt1–O1 and lPt2–O2)in Table 6.13. 
 
Figure 6.7 Dissociation of Dioxygen Species adsorbed on a Pt4 Cluster 
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Table 6.13 Energy and Structural Changes during Dissociation of Dioxygen 
Species 
Image 1 2 3 4 5 6 7 8 9 
∆E / eV 0 0.31 –0.21 –0.79 –1.15 –1.32 –1.36 –1.37 –1.38 
lO1–O2 / Å 1.41 1.89 2.68 3.45 4.21 4.90 5.35 5.39 5.43 
lPt1–O1 / Å 2.00 1.86 1.82 1.79 1.79 1.79 1.79 1.79 1.79 
lPt2–O2 / Å 2.00 1.86 1.80 1.79 1.79 1.78 1.78 1.78 1.78 
 
This is a relatively simple process where breaking of the oxygen–oxygen bond is 
accompanied by the strengthening of the Pt–O bond with image 2 as the transition 
state. The overall activation energy is 0.31 eV, which is only about 6% of the oxygen–
oxygen bond energy in a free oxygen molecule, which is 5.16 eV. The lowering of the 
activation energy can be attributed to two reasons. One is that the oxygen–oxygen 
bond has already been activated partially when the oxygen molecule adsorbs on the 
metal cluster. I have discussed in Chapter 4 that the bond order has dropped from 2 to 
1 during the adsorption. At the same time, the strengthening of the Pt–O bond 
partially compensates the energy required to break the oxygen–oxygen bond in the 
dioxygen species. Reorientation of the adsorbed oxygen occurred from image 4 to 
image 9 and it further lowers the energy of the whole system. This process is more 
favourable since the energy released from strengthening of the Pt–O bond is much 
greater than the oxygen–oxygen bond in the dioxygen species. In this study, I only 
chose the peroxo binding because I found in earlier work that the adsorption 
configuration of the dioxygen species can change easily. 
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7. Water Formation 
When the adsorbed hydride and hydroxide are getting close to each other, they will 
combine to form an adsorbed water molecule. I studied this process with a cluster 
with a hydride and a hydroxide adsorbed on one Pt atom and this process is illustrated 
in Figure 6.8. I tabulated the energy changes with respect to the first image (∆E), the 
distance between the Pt and hydride (lPt–H), the distance between Pt and hydroxide 
(lPt–OH) and the distance between the oxygen in the hydroxide and hydride (lO–H) in 
Table 6.14.  
 
Figure 6.8 Water Formation on a Pt4 Cluster 
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Table 6.14 Energy and Structural Changes during Water Formation 
Image 1 2 3 4 5 6 7 8 9 
∆E / eV 0 0.00 0.07 0.46 1.00 0.41 0.40 0.37 0.36 
lPt–H / Å 1.56 1.56 1.56 1.54 1.63 2.48 2.70 2.70 2.70 
lPt–OH / Å 1.95 1.95 1.96 2.00 2.11 2.22 2.22 2.23 2.22 
lO–H / Å 2.46 2.46 2.41 2.05 1.42 0.98 0.98 0.98 0.98 
 
I observed that three major changes occurred in this process. First, the Pt–hydride 
bond is broken; second, the Pt–hydroxide bond is weakened; and third, oxygen–
hydrogen bond is formed. In the first three images, reorientation of adsorbed hydride 
and adsorbed hydroxide occurred, which allows the hydride to approach the 
hydroxide in a correct orientation. In the image 4, weakening of the Pt–hydroxide 
bond occurred while the hydride is getting much closer to the hydroxide. In this 
process, the energy of the system is increased due to the weakening of the Pt–
hydroxide bond. In the image 5, in addition to the weakening of the Pt–hydroxide 
bond, Pt–hydride bond starts to break as well. Hence, the energy of the system 
increased further. The structure obtained in this image corresponds to the transition 
state species which give an activation energy of 1.00 eV. In the image 6, the O–H 
bond in water is fully formed and the energy of the system dropped significantly. 
Subsequently, reorientation of adsorbed water occurred and it further lowered the 
energy of the system.  
In this process, I found that the activation energy is mostly contributed by weakening 
of the Pt–hydroxide interaction and breaking of the Pt–hydride bond. In image 4, only 
weakening of Pt–hydroxide interaction occurred and the energy of the system is 
increased by 0.46 eV as compared to the first image, which is about almost half of the 
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activation energy. This suggests that weakening of the Pt–hydroxide interaction might 
be the more important factor.  
Since the formation of O–H bond only occurs after these two changes, the activation 
energy of this process is relatively higher with a value of 1.00 eV. This unfavourable 
sequence of change is due to the direction of electron transfer that I have studied 
earlier. When hydride and hydroxide are adsorbed on the metal cluster, electrons are 
transferred from cluster to the hydride and hydroxide due to the highly electron 
negative nature of oxygen. Hence, during the water formation process, electrons have 
to be slowly transferred back to the cluster so that these two anions can approach each 
other and combined to form water molecule. The final product, adsorbed water, is 
then weakly physisorbed on the metal cluster with electrons transferred to the cluster.  
8. Water Desorption 
Once physisorbed water is formed from the adsorbed hydride and hydroxide, it is then 
desorbed to give a free water molecule. This process is illustrated in Figure 6.9. The 
energy change with respect to the first image (∆E) and Pt–water distance (lPt–O) is 
monitored and tabulated in Table 6.15. 
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Figure 6.9 Water Desorption from a Pt4 Cluster 
 
Table 6.15 Energy and Structural Changes during Water Desorption 
Image 1 2 3 4 5 6 7 8 9 
∆E / eV 0 0.03 0.05 0.06 0.08 0.32 0.54 0.61 0.66 
lPt–O / Å 2.22 2.22 2.23 2.22 2.21 2.80 3.57 4.34 5.27 
 
This process is less complicated and the activation energy actually corresponds to the 
energy change of the overall process since only the Pt–water interaction has to be 
overcome and water is physisorbed on the metal cluster. Hence, a less strongly 
bonded water molecule will give a relatively small activation energy. 
Once all the elementary steps of the oxygen reduction reaction are studied, I tabulated 
the activation energy of each step in Table 6.16. 
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Table 6.16 Activation Energies for Each Elementary Step in the Oxygen 
Reduction Reaction 
Elementary 
Step 
H2ads 
/eV 
O2ads 
/eV 
Hform 
/eV 
OOHform 
/eV 
OOHdiss 
/eV 
H2Oform 
/eV 
H2Odes 
/eV 
peroxide 
formation 
pathway 
0.00 0.00 0.53 0.85 0.01 1.00 0.66 
oxygen 
dissociation 
pathway 
0.00 0.00 0.53 (O2Diss: 0.31) 1.00 0.66 
 
When these two possible pathways are compared, I found that the dissociation of 
oxygen–oxygen is much easier in the peroxide dissociation pathway since the 
activation energy is 0.01 eV while that in the oxygen dissociation pathway is 0.31 eV. 
However, peroxide dissociation may not be favoured since its formation is less 
preferred as the activation energy for its formation is 0.85 eV. Since the origin of the 
activation energy of the peroxide formation is due to the activation of the π interaction 
in the dioxygen species and the breaking of the Pt–hydride bond, factors that activate 
the π interaction in the dioxygen species and weaken the Pt–hydride bond would 
favour the peroxide dissociation pathway. As I have found in the Chapter 4, increase 
in the composition of the Ni will facilitate the activation of the oxygen–oxygen bond 
in the dioxygen species since it allows greater transfer of electrons to the anti–
bonding orbital of the dioxygen species. However, greater Ni composition in the 
cluster lowered the relative stability of the superoxo adsorption configuration which 
means that it is more difficult for this intermediate to be formed before hydride is 
migrated to the dioxygen species.  Hence, an intermediate Ni composition will favour 
the formation of the peroxide. From my earlier study that the graphene support allows 
greater amount of electrons being transferred into the metal cluster, I expect the 
graphene support could lower the activation energy of this process as well. 
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Furthermore, the graphene support also lowered the binding strength between the 
metal cluster and the hydride which allows the hydride to be more easily migrated 
from the cluster to the dioxygen specie, thus favours the formation of peroxide. 
Even though the direct oxygen dissociation is the preferred pathway based on the 
activation energy, the activation of the dioxygen species is actually not the most 
difficult elementary step in this oxygen reduction reaction since one with highest 
activation energy is water formation from adsorbed hydride and the hydroxide. As I 
found that the weakening of the Pt–hydroxide interaction and the breaking of the Pt–
hydride bond contributes towards this high activation energy of the process, tuning 
the binding strength of the adsorbed hydride and hydroxide is the key in finding the 
most suitable catalyst for the oxygen reduction reaction. Since I find that graphene 
support reduces the binding strength of the hydroxide and hydride on the metal cluster, 
I will expect the graphene support is an important modification that will give a greater 
efficiency.  
 
6.3 Conclusion 
In this chapter, I have studied the two widely studied competing pathways of the 
oxygen reduction reaction. The possibility of peroxide formation on the metal cluster 
has been evaluated, albeit only on four–atom clusters. Even though activation of the 
oxygen–oxygen bond in the peroxide is kinetically favoured, its formation is neither 
thermodynamically favourable due to the relatively weak binding of the peroxide ion 
on the metal cluster nor kinetically favourable due to the strong binding between the 
metal cluster and hydride as well as the π interaction within the dioxygen species 
before the peroxide is formed.  
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Further kinetic analysis of the reaction pathway revealed that the process of water 
formation from the adsorbed hydride and hydroxide is actually the key determinant of 
the catalytic reactions. The binding strength of the hydride and hydroxide contributes 
the most towards the overall activation energy of this oxygen reduction reaction. 
Considering what I have been observed in the earlier chapters, tuning of the electronic 
transfers to these two adsorbates could significantly affect the spontaneity of this 
reaction, especially when the direction of the electron transfer is reversed when 
physisorbed water is formed on the metal cluster. This tuning of the electronic transfer 
could be achieved by using the graphene support and it can be further adjusted by the 
co–adsorption of species on the graphene. Other calculations in my research group 
have also confirmed the feasibility of adjusting the electronic properties of the 
adsorbates through co–adsorption by showing that the magnetic properties of the 
adsorbed metallic dimers changed with the presence of co–adsorbate. This change in 
the magnetic moment of the dimer indicates that the electronic properties have been 
affected by the co–adsorbate. Hence, this work suggests that the efficiency of the 
catalyst used in the oxygen reduction can be adjusted by introducing co–adsorbates on 
the graphene support so that I could have more varieties of methods to improve the 
efficiency of the current catalyst. 
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Chapter 7 Conclusion 
In this work, I studied the oxygen reduction reactions catalyzed by graphene–
supported mixed transition metal clusters by locating the possible stable intermediates 
in this reaction and evaluating the factors that affect the thermodynamics and kinetics 
of this reaction. 
At first, I evaluated the stabilities of the mixed clusters and the binding strength of 
these clusters on a graphene support. I found that mixing of Pt and Ni in a 4–atom 
cluster is favourable due to the exothermic energy changes during mixing. 
Furthermore, I found that the intra–cluster electron transfer from Ni to Pt is positively 
correlated to the intra–cluster binding. The Pt2Ni2 cluster was found to be the most 
stable cluster with respect to segregation due to its greatest total electron transfer from 
Ni to Pt. The effect of the graphene support was studied next. I found that graphene 
accepts electrons from the metal cluster and the amount of electron transfer depends 
on two factors. One is the binding orientation of the cluster on the graphene support, 
while the other is the elemental identity of the atoms that bind to the graphene support. 
This is an important finding since I can use these two factors to adjust the electron 
transfer from the cluster to the adsorbate and the intra–cluster electron transfer in the 
later studies.  
I then studied all the possible intermediates in the oxygen reduction reaction. I found 
that both hydrogen molecule and hydride prefer binding through a Pt atom, while the 
binding of oxygen–containing species largely depends on the elemental composition 
of the cluster. Oxygen–containing species prefer adsorption on the element that has a 
greater proportion in the mixed metal cluster due to the energetics of the adsorption. 
This finding allows us to explain the volcano–like activity of the catalysts with 
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different composition of elements. Furthermore, this observation also poses 
challenges for two elementary reaction steps, namely, formation of peroxide and 
formation of water, since transfer of hydride to dioxygen species or hydroxide is more 
difficult when the hydride is adsorbed on a different atom as the dioxygen species or 
hydroxide when the Ni composition in the cluster is high. 
In the thermodynamic and kinetic study of the oxygen reduction reaction, I analysed 
and evaluated the two commonly accepted reaction pathways. The results showed that 
the rate–determining step of this reaction is the formation of water from the adsorbed 
hydride and hydroxide. This explains why experiments based on the kinetics of the 
reaction are inconclusive about whether peroxide is formed as the intermediate, since 
the formation of the peroxide is one of the fast steps in the overall reaction. In this 
work, I determine that the origin of the high activation energy of the formation of 
water is due to the strong binding of hydride and the change in the direction of 
electron transfer in the process of water formation, since both hydride and hydroxide 
withdraw electrons from the metal cluster, while the physisorbed water donates 
electrons to the metal cluster. As a result, formation of O–H bonds is not feasible 
before the direction of the electron transfer has been reversed. Considering the effect 
of the graphene support, I propose that the efficiency of the catalyst can be adjusted 
by co–adsorption on the graphene support, since a smaller electron transfer from the 
cluster to the hydride and hydroxide will lead to a smaller overall activation barrier. 
This work can be further extended by working on the kinetics of oxygen reduction 
reaction on a mixed metal cluster to further support my postulate. Furthermore, other 
transition element could also be incorporated to determine the best combination of 
transition elements. 
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